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ABSTRACT 
There is a range of evidence demonstrating a potential link between 
near work and level of education with the development and progression of 
myopia.  However the mechanisms underlying these associations are 
currently unclear.  The primary ocular change associated with myopia 
development is an increase in eye length, although there is evidence to 
suggest that myopic eyes also have a thinner choroid and a weaker, more 
extensible sclera.  Given these associations, this research involved a series 
of experiments aimed at understanding the changes occurring in eye length, 
and the thickness of the choroid and sclera during near work tasks, over 
time, in both myopic and emmetropic subjects.   
In the first experiment, the time course of change and recovery in ocular 
biometry with accommodation was investigated in 59 young adult myopes 
and emmetropes with optical low coherence reflectometry.  Axial length was 
found to increase significantly immediately following commencement of 
accommodation, and to remain elongated by a similar amount for the 
duration of a 30 minute accommodation task.  Although there were no 
differences between the two refractive groups during the task, during the 
immediate post-task period the myopic eyes remained significantly elongated 
compared to the emmetropic eyes.  On average, all subjects returned to 
baseline axial length levels by 10 minutes post-task.  Additionally, a small 
amount of subfoveal choroidal thinning was observed accompanying axial 
elongation that was statistically significant in the myopes.  This choroidal 
thinning was of a smaller magnitude and in the opposite direction to the 
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increase in axial length, and on average accounted for 38% of the axial 
length change, but the exact mechanisms underlying this change were not 
clear. 
In an attempt to clarify the mechanisms through which the choroid 
varies its thickness during accommodation, optical coherence tomography 
(OCT) was employed in the second experiment to provide higher resolution 
thickness profiles of choroidal change across the posterior pole.  Choroidal 
thickness, retinal thickness and axial length were measured during 
accommodation to 0, 3 and 6 D stimuli in the eyes of 20 young adult myopes 
and emmetropes.  Subfoveal and parafoveal choroidal thinning was 
observed during accommodation which was of a similar magnitude between 
the two refractive groups, but this change was only significant with the 6 D 
accommodation stimulus.  Axial length also increased significantly with 
accommodation and was associated with the changes in subfoveal choroidal 
thickness, which were found to contribute to approximately 34% of the axial 
length change.  We also observed significant regional variations in the 
magnitude of parafoveal choroidal thickness change, with the greatest and 
most significant changes seen in the temporal, inferotemporal and inferior 
meridians.  The magnitude of the thinning in this inferior-temporal quadrant 
increased with increasing eccentricity from the fovea.  The regional 
distribution of the parafoveal choroidal thinning corresponds to the reported 
distribution of the nonvascular smooth muscle cells within the uvea, which 
may implicate these cells as the potential mechanism by which the choroid 
thins during accommodation. 
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Although the first two experiments documented a contribution of 
choroidal thinning to the overall changes seen in axial length, approximately 
two-thirds of the change remains unaccounted for.  In the third experiment of 
this research we used anterior segment OCT to investigate the way in which 
the anterior temporal sclera changed with accommodation.  A significant 
thinning of the anterior sclera was found to accompany accommodation, 
which was significantly greater in the myopic subjects.  Regional variations in 
the anterior sclera were also found during accommodation, with a significant 
thinning seen at the region 1 mm posterior to the scleral spur in both 
emmetropes and myopes, and the myopic group also showing significant 
thinning in the region 3 mm posterior to the scleral spur.  The regional 
differences may be explained by previously reported regional differences in 
the ciliary body thickness between refractive groups, or regional differences 
in the contractile response of the ciliary muscle during accommodation.  It is 
also possible that a change in the biomechanical properties of the sclera with 
refractive error may explain the differences between groups.   
In our final experiment, we investigated the effect of age on the way the 
ocular structures measured in the first 3 experiments vary during 
accommodation.  The eyes of 20 pre-presbyopic emmetropic adults were 
compared with the 40 young adult myopes and emmetropes used in 
Experiments 2 and 3.  The greatest differences in the structural responses 
occurred between the young adult myopic group and the pre-presbyopic 
emmetropic group, with significant differences in the extent of axial 
elongation and scleral thinning with accommodation.  These differences are 
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likely to reflect biomechanical changes in the eye associated with age and 
refractive error or axial length. 
This research has revealed that a range of ocular changes accompany 
near work, and that aspects of the ocular response to near work vary 
significantly with refractive error.   These findings have potential implications 
for our understanding of the role of near work in the development and 
progression of myopia. 
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1 Literature Review 
1.1 Refractive error development 
1.1.1 Emmetropisation 
It is now generally accepted that the normal regulation of eye growth is 
a visually guided process.  In the normal eye during infancy there is often a 
mismatch between the refractive power of the cornea and lens compared to 
the axial length of the globe.  As the eye grows, the cornea and lens 
coordinate their growth with the ocular tunics to produce a precisely focused 
retinal image, resulting in emmetropia (i.e. the refractive state where distant 
objects are focussed sharply on the retina).  This process of coordinated eye 
growth is termed emmetropisation (Brown, Koretz, & Bron, 1999).  The eye is 
thought to use cues such as retinal-image defocus to determine the 
appropriate level of axial growth required to achieve emmetropia.  The 
cornea/lens combination alters the level of retinal defocus as the eye grows, 
and the axial growth rate changes accordingly to restore the balance.  
Disruption to the normal emmetropisation process results in the development 
of refractive errors such as axial myopia (where the eye is too long for its 
refractive power, causing light from distant objects to focus in front of the 
retina) or axial hyperopia (where the eye is too short for its refractive power, 
causing light from distant objects to focus behind the retina).  
Animal studies have shown that the emmetropisation process can be 
influenced by manipulation of the visual environment through the introduction 
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of spectacle lens induced defocus or form deprivation (via lid sutures or 
plastic diffusers) which have been shown to alter the normal rate of eye 
growth (Norton, Siegwart, & Amedo, 2006; Schaeffel, Troilo, Wallman, & 
Howland, 1990; Siegwart & Norton, 1999; Smith 3rd & Hung, 1999; Smith 
3rd, Hung, Kee, & Qiao, 2002).  These changes in growth rates in response 
to image defocus continue to occur following severing of the optic nerve and 
lesioning of the accommodation control region of the midbrain, providing 
evidence that the control of eye growth is under local retinal control (Troilo, 
Gottlieb, & Wallman, 1987; Wildsoet & Schmid, 2000). 
 
1.1.2 Form deprivation 
In the late 1970s it was discovered that alteration of the early visual 
experience could lead to variations in eye growth in animal models.  Visual 
form deprivation, induced through eyelid suture or translucent occluders in 
the tree shrew (Sherman, Norton, & Casagrande, 1977), chick (Wallman, 
Turkel, & Trachtman, 1978) and macaque monkey (Wiesel & Raviola, 1977) 
was shown to result in excessive ocular elongation, and corresponding 
myopic refractive changes.  The so called form-deprivation myopia that 
results continues unchecked as long as vision is obscured, indicating that an 
intact retinal image is required to maintain control of ocular growth.  Once the 
form deprivation is removed however, the excessive eye growth reverses 
and the eyes’ refractive state moves toward emmetropia through changes in 
choroidal thickness and rates of scleral growth (Wallman & Adams, 1987; 
3 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
Wildsoet & Wallman, 1995).  A similar process of form-deprivation myopia in 
humans is evidenced by the findings of the development of axial myopia 
associated with congenital cataracts (von Noorden & Lewis, 1987), lid ptosis 
(Hoyt, Stone, Fromer, & Billson, 1981), corneal opacities (Gee & Tabbara, 
1988) and vitreous haemorrhage (Miller-Meeks, Bennett, Keech, & Blodi, 
1990).  These findings suggest that disruption of image quality in susceptible 
periods of early ocular development leads to axial elongation and myopia 
development proportional to the extent of image degradation (Smith 3rd & 
Hung, 2000). 
 
1.1.3 Lens induced defocus 
Animal studies of form deprivation myopia inspired further research into 
experimentally induced refractive error, revealing that eye growth is 
influenced not only by visual deprivation, but also optical defocus.  Studies 
using both positive and negative powered spectacle lenses to induce 
defocus have shown that the rate of eye growth appears to alter in order to 
compensate for the image blur, restoring the image quality through 
coordination of eye length changes by initial rapid short-term changes in 
choroidal thickness followed by longer-term changes in the rates of scleral 
growth and remodelling at the posterior pole (Gentle & McBrien, 1999; 
Nickla, Wildsoet, & Wallman, 1997).  Positive lenses placed in front of the 
eye result in the image focused too far in front of the retina (myopic defocus), 
causing the choroid to thicken and the scleral growth rate to decrease 
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pushing the retina closer toward the image plane (Wallman et al., 1995).  
Conversely negative spectacle lenses (hyperopic defocus) cause the image 
to be focused behind the retina, leading to a thinning of the choroid and an 
increase in ocular elongation (Wallman, et al., 1995).  The eyes of chicks 
have been found to show the greatest magnitude response, with changes in 
eye growth able to compensate for large magnitudes of induced defocus 
ranging from −15 D to +15 D (Wildsoet & Wallman, 1995), however smaller 
bidirectional changes have also been shown in marmosets (Troilo, Nickla, & 
Wildsoet, 2000), guinea pigs (Howlett & McFadden, 2009) and macaques 
(Hung, Wallman, & Smith, 2000) in a narrower range of lens powers. 
Smaller magnitude, but significant short-term changes in choroidal 
thickness have also been documented in human subjects in response to 
imposed myopic or hyperopic defocus (Chakraborty, Read, & Collins, 2012, 
2013; Read, Collins, & Sander, 2010).  These small choroidal changes were 
bidirectional and consistent with the direction of choroidal change previously 
documented in animals in response to defocus (Wallman, et al., 1995; 
Wildsoet & Wallman, 1995).  In response to hyperopic defocus the choroid 
was found to thin, effectively increasing the axial length of the eye.  Similarly, 
myopic defocus caused a thickening of the choroid, and a shortening of the 
axial length, although only the change to myopic defocus was found to be 
statistically significant (Read, Collins, & Sander, 2010).  More recently, 
Chakraborty et al. (Chakraborty, et al., 2012, 2013) examined the influence 
of 12 hour periods of imposed monocular myopic and hyperopic defocus on 
axial length and choroidal thickness.  Significant changes in both the 
amplitude and timing of the typical daily fluctuations of axial length and 
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choroidal thickness were found to occur in response to monocular defocus, 
and were restored following the removal of the defocus. 
 
1.2 Myopia prevalence and classification 
The prevalence of myopia has risen steadily in recent decades, 
affecting approximately 25% of the adult Caucasian population, and up to 
80% of adults in some Asian countries such as Hong Kong, Taiwan and 
Japan (Morgan & Rose, 2005; Pan, Ramamurthy, & Saw, 2012; Saw, 2003; 
Vitale, Sperduto, & Ferris 3rd, 2009).  Myopia is the leading cause of vision 
impairment in the world, and a significant public health concern.  Although it 
can be corrected simply by optical means, there is a significant cost 
associated with optometric examinations and corrective lenses (Saw, Katz, 
Schein, Chew, & Chan, 1996).  High levels of myopia are associated with 
ocular pathology such as myopic chorio-retinal degeneration, lattice 
degeneration, retinal holes and tears, and retinal detachment; as well as 
increasing the risk of other conditions such as glaucoma and cataracts (Saw, 
Gazzard, Shih-Yen, & Chua, 2005).  For these reasons, understanding the 
causes of myopia, and the development of methods to prevent myopia and 
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Myopia can be classified as either physiological or pathological, by  
age-of-onset, or whether it is stable or progressing.  The majority of myopic 
refractive error is classified as physiological, arising due to a mismatch of the 
ocular refractive components, without the presence of any degenerative 
ocular pathology (Curtin, 1985).  Pathological myopia occurs as a result of 
excessive axial elongation of the globe resulting in very high magnitude of 
myopia (greater than 6 D) and associated degenerative changes in the 
sclera, choroid, and retinal pigment epithelium leading to compromised visual 
function (Saw, Gazzard, et al., 2005; Saw, et al., 1996).  Most authors 
generally use Grosvenor’s classification system for myopia (Grosvenor, 
1987), which is based on the age the myopia was identified or corrected 
(although not necessarily the true age-of-onset).  Approximately 60% of 
myopia can be classified as early-onset (also referred to as school, or 
juvenile myopia).  Early-onset myopia (EOM) generally manifests before the 
age of 13 years, progresses throughout the early teens, stabilises in the late 
teens or early twenties and results in relatively high degrees of myopia of 
around 3-4 D.  Late-onset myopes (LOM) make up approximately 8-15%, 
with myopia development typically occurring between 15 and 18 years of 
age, with slower progression rates that lead to myopia rarely exceeding 2 D 
(Gilmartin, 2004).  Another system used to classify myopes is by their rate of 
progression.  McBrien and Adams (McBrien & Adams, 1997) suggested a 
value of greater than –0.58 D progression over a 2 year period in an adult 
myope classified an individual as a progressing myope, and hence both 
EOM and LOM could be classified as either stable or progressive. 
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1.3 Structural changes associated with myopia 
1.3.1 Axial length 
While the mechanisms for myopia development and progression remain 
unclear, it is well documented that a strong correlation exists between axial 
length and refraction (Bullimore, Gilmartin, & Royston, 1992; Goss, Van 
Veen, Rainey, & Feng, 1997; Grosvenor & Scott, 1991).  Although myopia 
can arise from any aberrant combination of the eye’s refractive components, 
axial length and vitreous chamber depth are most strongly correlated with the 
presence of myopic refractive error (Lam, Edwards, Millodot, & Goh, 1999; 
Saw et al., 2005).  Myopia develops when the cornea and lens fail to 
compensate for the axial length of the eye, and axial length is considered the 
principal structural correlate of myopia and hyperopia, contributing up to 96% 
of the variation of refractive error (Olsen, Arnarsson, Sasaki, Sasaki, & 
Jonasson, 2007). 
Axial length varies throughout a lifetime, with a rapid increase in axial 
length within the first few years of life which is offset by a reduction in the 
refractive power of the crystalline lens.  There is typically a slow increase in 
axial length into adulthood, and then a decrease in old age (Meng, 
Butterworth, Malecaze, & Calvas, 2011).  Axial length has also been reported 
to be predictive of myopia development within the 2-4 years preceding onset, 
with the fastest rate of growth reported in the 12 months prior to myopia 
development, and a more stable rate of change found after onset (Mutti et 
al., 2007). 
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1.3.2 Sclera 
Changes to the structural and biomechanical properties of the sclera 
are also known to accompany myopia development and progression.  The 
hallmark of the myopic eye is an increased axial elongation of the globe, the 
shape of which is determined by the structural characteristics of the sclera 
(Rada, Shelton, & Norton, 2006).  In addition to being longer, the myopic eye 
has been found to exhibit a generalised scleral thinning, which may be more 
localised and marked in the posterior pole of highly myopic eyes (Avetisov, 
Savitskaya, Vinetskaya, & Iomdina, 1983; Elsheikh et al., 2010; Norman et 
al., 2010; Vurgese, Panda-Jonas, & Jonas, 2012).  Post-mortem examination 
of human myopic eyes showed that this generalised scleral thinning is 
associated with a decrease in individual collagen fibre size, collagen bundle 
thinning, and abnormally shaped fibrils (Rada, et al., 2006).  However these 
changes have been noted in human cadaver eyes many years after myopia 
onset, and may therefore be a consequence of, rather than the cause of 
myopia development. 
In animals with experimentally induced myopia, scleral thinning is 
facilitated by a general loss of collagen and proteoglycans within the 
posterior pole, due to alterations in the synthesis, accumulation and 
degradation of collagen and the extracellular matrix components (Gentle, Liu, 
Martin, Conti, & McBrien, 2003; McBrien, Lawlor, & Gentle, 2000; Norton & 
Rada, 1995; Rada, Nickla, & Troilo, 2000).  Animal research that has 
induced the development of myopia using either form deprivation, or lens 
induced paradigms, has demonstrated that the longer term increase in eye 
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growth associated with myopia occurs due to scleral remodelling (Norton, 
Essinger, & McBrien, 1994; Troilo & Wallman, 1991; Wallman, Gottlieb, 
Rajaram, & Fugate-Wentzek, 1987).  It is thought that this scleral remodelling 
during myopia development leads to a biomechanically compromised sclera.  
Investigations in animals regarding these biomechanical changes in the 
sclera with refractive error have reported an increase in the viscoelasticity of 
the sclera in form deprived tree shrews, measured as an increased scleral 
‘creep rate’, which is the slow, time-dependant extension of the sclera when 
a constant load is applied (Phillips, Khalaj, & McBrien, 2000; Siegwart & 
Norton, 1999).  Scleral creep has been found to increase during times of 
active growth in response to imposed hyperopic defocus (Phillips, et al., 
2000; Siegwart & Norton, 1999),  and a decrease in scleral creep rate has 
been observed in eyes which have reached adult dimensions and ocular 
growth has ceased (Siegwart & Norton, 1999).  Altered rates of creep have 
been reported for different scleral regions, with higher levels of viscoelasticity 
in the posterior pole compared to the equatorial sclera (Curtin, 1969; Phillips 
& McBrien, 1995).  It has been proposed by Rada et al. (Rada, et al., 2006) 
that biomechanical changes may make it easier for the scleral lamellae to 
move over one another, rendering the sclera more extensible.  Sergienko 
and Shargorogska (Sergienko & Shargorogska, 2012) investigated the 
deformation of the sclera coat by examining the ocular response to applied 
external pressure in vivo in young adult hyperopes, emmetropes and low, 
moderate, and high myopes.  They reported a marked difference in the 
sclera biomechanical properties in myopic subjects compared to hyperopic 
and emmetropic subjects, with increased axial elongation and scleral 
10 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
stretching noted with increased degree of myopic refractive error.  It is 
thought that the increased viscoelasticity seen with myopic sclerae renders 
them weaker and more extensible, and susceptible to deformation under 
otherwise normal scleral stressors such as intraocular pressure and 
accommodation (Phillips, et al., 2000; Siegwart & Norton, 1999). 
 
1.3.3 Choroid 
Although alterations in eye length are considered to be the major 
structural change associated with refractive error (Grosvenor & Scott, 1991, 
1993; Jiang & Woessner, 1996), there is also substantial evidence 
supporting an involvement of the choroid in refractive error development (Ho, 
Liu, Chan, & Lam, 2013; Wei et al., 2013).  Animal studies experimentally 
inducing refractive errors through a variety of methods, show that rapid 
changes in choroidal thickness appear to precede longer term eye growth 
changes associated with the development of myopic and hyperopic refractive 
errors (Wallman, et al., 1995; Wildsoet & Wallman, 1995).  In both chicks and 
primates, exposing developing eyes to hyperopic defocus is known to result 
in rapid choroidal thinning, followed by longer term increases in eye growth 
and the development of myopia.  Exposure to myopic defocus results in 
choroidal thickening, a slowing of ocular growth, and hyperopic refractive 
errors.  The choroidal thickness changes documented in chicks have been 
substantially larger than those documented in primates, and recently very 
small but statistically significant bi-directional changes in choroidal thickness 
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in response to optical defocus have been documented in human subjects 
(Chakraborty, et al., 2012, 2013; Read, Collins, & Sander, 2010). 
Until the advent of spectral-domain optical coherence tomography 
(OCT), in vivo choroidal imaging techniques have been quite limited.  
Although in vivo measures of choroidal thickness have long been reported in 
animal models (Hung, et al., 2000; Troilo, et al., 2000; Wallman, et al., 1995), 
until recently there were no reliable methods for estimating choroidal 
thickness in human eyes.  Since Spaide and colleagues (Spaide, Koizumi, & 
Pozzoni, 2008) described the technique of enhanced depth imaging (EDI) 
OCT to optimise the visualisation of deeper eye structures such as the 
choroid, numerous studies have been conducted to investigate variations of 
choroidal thickness in the human population.   
A positive correlation between choroidal thickness and refractive error 
is widely reported, with greater levels of myopia associated with a thinner 
choroid, within the range of 9-15 μm subfoveal choroidal thinning per dioptre 
of myopia (Flores-Moreno, Lugo, Duker, & Ruiz-Moreno, 2013; Fujiwara, 
Imamura, Margolis, Slakter, & Spaide, 2009; Shin, Shin, Cho, & Lee, 2012; 
Wei, et al., 2013).  This corresponds to a negative association between 
choroidal thickness and axial length, with subfoveal choroidal thickness 
reportedly decreasing by 28-58 μm/mm of increase in axial length (Flores-
Moreno, et al., 2013; Li, Larsen, & Munch, 2011; Ouyang et al., 2011; Wei, et 
al., 2013).  A strong negative correlation also exists between choroidal 
thickness and age (Fujiwara, et al., 2009; Ikuno & Tano, 2009; Takahashi et 
al., 2012), with studies reporting a decrease in subfoveal choroidal thickness 
of 1.56-4.1 µm/year of age (Margolis & Spaide, 2009; McCourt et al., 2010; 
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Ouyang, et al., 2011; Wei, et al., 2013), and that choroidal volume decreases 
approximately 7% for every decade of life (Barteselli et al., 2012).   
The distribution of choroidal thickness across the posterior pole is also 
reported to vary with refractive error, with the thickest choroid located 
temporally, then subfoveally in myopic eyes, and thinnest nasally towards the 
optic nerve (Flores-Moreno, et al., 2013; Fujiwara, et al., 2009; Ikuno & Tano, 
2009), as opposed to the choroid of non-myopic eyes which is thickest 
subfoveally, and thinner nasally and temporally (Manjunath, Taha, Fujimoto, 
& Duker, 2010). 
 
1.3.4 Ciliary body 
Structural differences in the ciliary body of myopic and emmetropic 
eyes have also been reported, with numerous studies reporting thicker 
posterior ciliary muscles in the eyes of myopes compared to the eyes of 
emmetropes or hyperopes (Bailey, Sinnott, & Mutti, 2008; Kuchem, Sinnott, 
Kao, & Bailey, 2013; Lewis, Kao, Sinnott, & Bailey, 2012; Muftuoglu, Hosal, 
& Zilelioglu, 2009; Oliveira, Tello, Liebmann, & Ritch, 2005; Pucker, Sinnott, 
Kao, & Bailey, 2013), contrary to previous studies on enucleated human 
eyes which suggested the ciliary body was thinner in myopes (van Alphen, 
1986).  Most studies report the greatest increase in thickness associated with 
myopia in the region 3 mm posterior to the scleral spur (Lewis, et al., 2012), 
although some studies also report similar thickening at the 2 mm location as 
well (Bailey, et al., 2008; Buckhurst, Gilmartin, Cubbidge, Nagra, & Logan, 
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2013; Muftuoglu, et al., 2009; Oliveira, et al., 2005; Pucker, et al., 2013), with 
longer eyes demonstrating thicker ciliary muscles.  In some studies it has 
also been reported that while eyes with longer axial lengths have a thicker 
ciliary muscle posteriorly, they have a thinner ciliary muscle anteriorly 
compared to less myopic, emmetropic, or hyperopic eyes (Kuchem, et al., 
2013; Pucker, et al., 2013). 
The ciliary body is primarily comprised of vascular, connective and 
muscular tissue, and has 3 major muscle components (longitudinal, circular 
muscle, and radial muscle) that contract during accommodation, drawing the 
mass of the ciliary body inward and forward allowing the lens to become 
thicker and more optically powerful (Ishikawa, 1962).  The fibres of the ciliary 
muscle are also thought to have functional differences as well as 
morphological ones, with the longitudinal fibres possessing fewer 
mitochondria and a greater number of myofilaments compared to the circular 
fibres, implying that while the longitudinal fibres act like fast twitch skeletal 
muscle fibres, circular fibres behave as slow tonic muscle (Flügel, Bárány, & 
Lütjen-Drecoll, 1990).  The difference in ciliary muscle thickness profile in 
myopic eyes compared to emmetropic eyes has led some authors to 
speculate that eyes with longer axial lengths may have thinner circular and 
radial ciliary muscle fibres, and thicker longitudinal ciliary muscle fibres 
(Pucker, et al., 2013). 
The relatively recent findings of increased ciliary body thickness in 
myopic eyes has offered another theory for myopia development (Bailey, et 
al., 2008).  A thickened ciliary muscle may directly cause myopia through a 
mechanical restriction of equatorial growth, or through inefficient and poor 
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contractibility through a hypertrophic muscle which may lead to 
accommodation inaccuracies and chronic retinal hyperopic defocus during 
near tasks.  There is some evidence that myopic children and adults have 
higher accommodative lags than emmetropes, and that higher lags of 
accommodation are associated with faster myopia progression (Abbott, 
Schmid, & Strang, 1998; Gwiazda, Bauer, Thorn, & Held, 1995; Gwiazda, 
Thorn, Bauer, & Held, 1993; Gwiazda, Thorn, & Held, 2005), however most 
studies report a high accommodative lag is a consequence, rather than the 
cause of myopia (Mutti et al., 2006; Rosenfield, Desai, & Portello, 2002; 
Weizhong, Zhikuan, Wen, Xiang, & Jian, 2008). 
 
1.3.5 Retina 
The development of OCT has allowed the in vivo structural differences 
in the retina between myopic and non-myopic eyes to be characterised.  
Although earlier studies using first and second generation OCT found that 
macula retinal thickness was not associated with refractive error (Lim et al., 
2005; Wakitani et al., 2003), more recent studies have reported a decrease 
in overall macular retinal thickness with increasing axial length (Lam et al., 
2007; Luo et al., 2006).  The discrepancy between earlier and later studies is 
likely due to improved resolution and faster scan acquisition with newer 
generation OCT instruments (Cheng, Lam, & Yap, 2010).  Although the 
retina within the macular is significantly thinner overall in myopes, the central 
foveal retina is reported to be significantly thicker in myopes than  
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non-myopes (Cheng, et al., 2010; Lam, et al., 2007; Luo, et al., 2006; Wu et 
al., 2008), and there are reports that myopic eyes have more shallow foveal 
pits than non-myopic eyes (Dubis, McAllister, & Carroll, 2009).  Studies have 
also reported a significant difference in cone density between emmetropic 
and myopic eyes, with density decreasing with increasing axial length (Chui, 
Song, & Burns, 2008; Li, Tiruveedhula, & Roorda, 2010; Lombardo, Serrao, 
Ducoli, & Lombardo, 2012), thought to be due to a retinal stretching resulting 
from the increased axial length in myopic eyes (Chui, et al., 2008; Coletta & 
Watson, 2006). 
Peripapillary retinal nerve fibre layer thickness (RNFL) has also been 
found to be significantly negatively correlated with axial length and refractive 
error (Kang, Hong, Im, Lee, & Ahn, 2010; Kim, Lee, & Kim, 2010; Savini, 
Barboni, Parisi, & Carbonelli, 2012), although the thinning of the RNFL with 
myopia is not uniform.  The temporal peripapillary RNFL is reportedly thicker 
in myopic eyes, but significantly thinner in all other quadrants (Kang, et al., 
2010; Kim, et al., 2010).  It has also been noted that the inferior quadrant of 
the outer macula is consistently the thinnest region in myopic eyes (Xie et al., 
2009).  
The peripheral retina is also reportedly thinner in myopic eyes, with one 
study finding that the peripheral myopic retina was on average 7% thinner 
than the retina of non-myopic eyes in every location that was compared 
between the groups (Cheng, et al., 2010; Wolsley, Saunders, Silvestri, & 
Anderson, 2008), suggesting that the retina is evenly stretched during 
myopia development and progression and globe expansion.  High levels of 
myopia are also associated with an increased risk of developing retinal 
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ocular pathologies such as chorio-retinal degeneration, lattice degeneration, 
retinal holes and tears, and retinal detachment (Saw, Gazzard, et al., 2005), 
with the retina presumably becoming more susceptible to these pathologies 
through decreasing thickness and/or increased stretching. 
 
1.4 Aetiology of Myopia 
Although the exact cause of myopia is unknown, two mechanisms are 
believed to underlie myopia development – a pre-programmed genetic 
component and an environmental component.  The increase in prevalence of 
myopia in industrialised countries over recent decades supports theories that 
myopia development is linked to near work habits, although levels of outdoor 
activity are also thought to play a role. 
 
1.4.1 Genetics 
Hereditary influences are thought to be an important factor associated 
with early onset myopia, with smaller contributions made from near work 
behaviours and levels of outdoor activity (Mutti, Mitchell, Moeschberger, 
Jones, & Zadnik, 2002).  The prevalence of myopia in children with two 
myopic parents is 30-40%, 20-25% in those with one myopic parent, and less 
than 10% in those with no myopic parents (Mutti & Zadnik, 1995).  Children 
who have two myopic parents are 5 times more likely to be myopic than 
those without myopic parents (Pacella et al., 1999).  Twin studies show that 
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monozygotic twins have more similar refractive data than dizygotic twins, and 
heritability of refractive error is estimated to be 0.82 or greater (Goss, 
Hampton, & Wickham, 1988; Hammond, Snieder, Gilbert, & Spector, 2001).  
It is also reported that even before the onset of myopia, children with two 
myopic parents have a longer axial length and less hyperopic refractive error 
than those children with one or no myopic parents (Zadnik, Satariano, Mutti, 
Sholtz, & Adams, 1994). 
 
1.4.2 Environment 
Since myopia often presents and progresses throughout the schooling 
years, it has been hypothesised that high levels of reading may contribute to 
its development (Curtin, 1985).  Population studies have shown that 
individual’s whose occupation requires large near work demands such as 
microscopists (McBrien & Adams, 1997) and medical students (Jacobsen, 
Jensen, & Goldschmidt, 2008; Onal et al., 2007) are at a greater risk for 
developing myopia.  Near work behaviours such as continuous periods of 
reading or shorter working distances have been shown to be more closely 
associated with myopia than total duration of near work (Ip et al., 2008).   
In school-aged children, high academic performance has also been found to 
be associated with myopia, and those with higher levels of myopia were 
found to read more books per week (Saw et al., 2007).  Patterns of ocular 
growth have also been found to fluctuate throughout the school year, with 
periods of increased axial elongation throughout the school semester (Tan et 
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al., 2000) and after intensive study for final exams (Fulk, Cyert, & Parker, 
2002).  Near work is thought to be linked to myopia development either 
through mechanical stretching of the globe associated with accommodation 
and convergence, or through optical defocus created by accommodative and 
binocular vision anomalies. 
 
1.4.2.1 Mechanical influences 
One proposed mechanism linking near work and myopia is that 
prolonged accommodation leads to axial elongation due to mechanical 
stretching of the sclera. Reported transient increases in axial length with 
accommodation have been attributed to ciliary muscle contraction 
decreasing the equatorial diameter of the globe, which supports a potential 
mechanical role of accommodation in myopia development. 
 
1.4.2.1.1 Accommodation 
Partial coherence interferometry (PCI) has been utilised over the last 
decade to investigate whether changes in the axial length of the eye 
accompany near work, but more specifically accommodation.  A number of 
research groups have demonstrated small increases in axial length using 
PCI techniques, although varying magnitudes have been reported (Drexler, 
Findl, Schmetterer, Hitzenberger, & Fercher, 1998; Mallen, Kashyap, & 
Hampson, 2006; Read, Collins, Woodman, & Cheong, 2010; Suzuki, Uozato, 
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Risako, & Kimiya, 2003; Woodman et al., 2011; Zhong et al., 2014).   
Reports of the difference in the amount of axial elongation between refractive 
error groups have also varied, with initial studies finding a larger increase in 
axial length in emmetropes (Drexler, et al., 1998), while later studies using 
the IOLMaster showed larger changes in the myopic subjects (Mallen, et al., 
2006) or no differences between groups (Read, Collins, Woodman, et al., 
2010; Zhong, et al., 2014).  Issues have been raised however regarding the 
accuracy of this data due to experimentally induced error from readings of 
optical path length obtained in an accommodating eye (Atchison & Smith, 
2004).  In an attempt to compensate for this error, one study (Read, Collins, 
Woodman, et al., 2010) used the Lenstar LS900 optical biometer to calculate 
the error induced in each measurement, as this optical low coherence 
reflectometry (OLCR) device allows measurements of additional ocular 
dimensions that commercial PCI instruments do not. 
Using the IOLMaster, Suzuki et al. (2003) found an average increase in 
axial length of 60 µm with accommodation, however this was using a non-
uniform accommodative demand and a very brief task period.  Drexler et al. 
(1998) found that in a small group of myopes and emmetropes 
accommodating at their individual near points, emmetropic subjects 
demonstrated a larger accommodation-induced elongation of 13 µm 
compared to the myopes’ 5 µm.  However, this result may have been 
confounded by the fact that the emmetropic subgroup were required to 
accommodate more than the myopic subjects due to their higher individual 
amplitudes of accommodation.  Mallen et al. (Mallen, et al., 2006) reported 
myopic subjects demonstrated a significantly larger transient elongation of  
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58 µm compared to the emmetropic subjects’ 37 µm, but only at levels of 
accommodation higher than what would be necessary for routine near tasks 
(6 D).  Neither Suzuki nor Mallen accounted for any error in the axial length 
measurements induced by accommodation, so it is likely that these values, 
particularly at high levels of accommodation may be overestimated. 
Read et al. (Read, Collins, Woodman, et al., 2010) modified Mallen’s 
protocol by substituting the Lenstar LS900 for the IOLMaster, allowing the 
authors to use the individual subjects’ ocular dimensions such as central 
corneal thickness (CCT), anterior chamber depth (ACD), lens thickness (LT) 
and measured axial length (AL) to estimate the error induced in each 
measurement by accommodation (Atchison & Smith, 2004).  Corrected 
values of axial elongation for 3 D (5 µm) and 6 D (7 µm) of accommodation 
were found, which were much smaller changes than those reported by 
Mallen (2006).  It was found that the amount of axial elongation increased 
with increasing accommodative demand, but that there was no significant 
difference between the emmetropic and myopic subgroups at any stimulus 
level.  Most recently, Zhong et al. (2014) used ultra-long scan depth OCT to 
measure the changes in ocular biometry with 6 D of accommodation in a 
group of young adult myopes and emmetropes.  Axial length was found to 
significantly increase during accommodation by +26 ± 13 μm, and there was 
no significant difference in the elongation between the myopes or 
emmetropes.  
Fewer studies have examined the effect of disaccommodation after a 
prolonged near task on ocular dimensions.  Woodman et al. (2011) found 
that myopes, in particular early-onset and progressing myopes, 
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demonstrated a greater transient axial elongation after near task cessation 
than emmetropes (20 µm vs 10 µm), which had fully decayed 10 minutes 
post-task.  Measurements of ocular aberrations following the near task 
showed the subjects on average to exhibit a near work induced transient 
myopia of around 0.2 D, which corresponds to the transient increase in axial 
length found immediately post-task.  Another group (Alderson, Davies, 
Mallen, & Sheppard, 2012) used the Lenstar LS900 to monitor changes in 
ocular biometry during disaccommodation in 10 participants, measuring the 
decay in ocular elongation over a 1 minute period following a short task of  
5 D demand.  During accommodation axial length was seen to increase on 
average by 30 µm, but subject time to regress to 90% of the 
unaccommodated level were highly variable.  The effect of refractive error on 
regression time was not reported.  
Some authors suggest that ocular elongation accompanying 
accommodation can be attributed to ciliary muscle force of contraction 
decreasing the circumference of the sclera at the equator of the globe, and 
subsequently elongating the globe (Drexler, et al., 1998; Mallen, et al., 2006).  
Reduced scleral rigidity reported in myopes would allow this force of 
contraction to be more effectively transferred to the sclera and choroid in 
these subjects, potentiating a greater change in axial length.  Recent studies 
using ultrasound (Muftuoglu, et al., 2009; Oliveira, et al., 2005) and OCT 
(Bailey, et al., 2008) have found a positive association between ciliary body 
thickness and axial length, which raises questions regarding the equatorial 
region of the globe’s role in myopia development.  It is possible that this 
association between increasing ciliary body thickness and axial length may 
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result in differences in the forces of the ciliary muscle associated with 
accommodation, or differences in how efficiently the ciliary muscle force is 
transmitted to the globe.  Another possible anatomical change which could 
potentiate an apparent increase in axial length would be a thinning of the 
choroid, rather than a stretching of the globe.  However, whether or not 
choroidal thickness significantly changes with accommodation in human 
subjects has not been investigated previously. 
 
1.4.2.1.2 Convergence 
As convergence accompanies accommodation during near work, it has 
been proposed by several authors that perhaps convergence, and not 
accommodation contributes to axial elongation and permanent myopia 
development (Bayramlar, Cekiç, & Hepşen, 1999; Pärssinen, Hemminki, & 
Klemetti, 1989; Pärssinen & Lyyra, 1993; Read, Collins, Cheong, & 
Woodman, 2010).  Bayramlar et al. (Bayramlar, et al., 1999) used ultrasound 
to study the biometric changes accompanying convergence both with and 
without cycloplegia in a cohort of teenage emmetropes.  The authors found 
that both axial length and vitreous chamber depth increased significantly with 
and without cycloplegia when converging at a distance of 20 cm.  This led to 
the conclusion that convergence, rather than accommodation caused axial 
elongation at near.  
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Pärssinen et al. (Pärssinen, et al., 1989) performed a three-year clinical 
trial to observe the effects of three different correction options for young 
myopic school children.  It was found that the more time that was spent on 
reading and close work, the faster the rate of myopia progression.  A positive 
correlation was reported between closer working distances and progression, 
but no correlation between accommodation required at their working distance 
(children were fully corrected, read uncorrected or wore bifocals with a  
+1.75 D add) and progression was found.  This led the authors to conclude 
mechanisms other than accommodation, such as convergence, may be 
driving myopia progression.  In a three-year follow up to the study, it was 
found that children wearing bifocals or avoiding the use of spectacles for 
reading had no reduction in myopia progression.  The authors argue that if 
accommodative blur were driving the myopic progression these techniques 
would have stopped the retinal feedback mechanism and slowed 
progression.  
Read et al. (Read, Collins, Cheong, et al., 2010) measured axial length 
(using PCI methods) before, during and after sustained periods of 
convergence induced by large amounts of base out prism whilst the subjects 
were fixing a distant target.  No significant change in axial length was found 
in this group of young emmetropic subjects with convergence, leading the 
authors to conclude that the change in extraocular muscle force generated 
by convergence alone was not enough to significantly alter axial length. 
A recent study (Ghosh, Collins, Read, Davis, & Chatterjee, 2014) found 
that in a population of young adult emmetropes and myopes, 
accommodation-induced axial elongation was greater in down gaze than 
24 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
primary gaze, indicating the combined influence of extraocular muscle forces 
and ciliary muscle contraction caused the greatest increase in axial length.  
The same authors reported that angle of gaze causes short-term increases 
in axial length.  Although no significant change in axial length was observed 
with inward gaze (i.e. convergence), a small but statistically significant 
elongation of the globe was observed in inferonasal gaze (Ghosh, Collins, 
Read, & Davis, 2012). 
 
1.4.2.1.3 Intraocular pressure 
Since myopia typically occurs due to an increased axial length, 
intraocular pressure has been identified as a possible external force capable 
of stretching the sclera, and therefore implicated in the pathogenesis of 
myopia (Pruett, 1988; Quinn, Berlin, Young, Ziylan, & Stone, 1995; Tokoro, 
Funata, & Akazawa, 1990).  Pruett (1988) suggested two possible 
mechanisms which may link IOP and myopia development.  Firstly, he 
proposed that the sclera of myopic eyes possess different biochemical and 
biomechanical properties, rendering them more susceptible to scleral creep 
in response to stress, and poor hysteresis which leads to gradual permanent 
deformation.  Secondly he proposed that myopic eyes are more likely to 
develop high IOP.  This combination of a structurally compromised globe 
with a tendency toward elevated IOP, may then therefore lead to stretching 
and elongation of the eye.  The human sclera has been found to be more 
extensible posteriorly than anteriorly, and it has been theorised that since the 
25 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
posterior sclera continues to mature until ocular growth has ceased in 
adolescence, scleral elasticity and plasticity are age-related (Curtin, 1969).  
Greene suggested that the pull of the extraocular muscles on the posterior 
sclera, like IOP, provided an additional external source of stress on the globe 
(Greene, 1980). 
IOP has long been implicated as a possible contributing factor to the 
pathogenesis of myopia, with reports of positive correlation between axial 
length and IOP, and a higher IOP in myopes than emmetropes in both 
children and adults (Abdalla & Hamdi, 1970; Quinn, et al., 1995; Tomlinson & 
Phillips, 1970).  There is a higher representation of myopes in ocular 
hypertension (David, Zangwill, Tessler, & Yassur, 1985) and open angle 
glaucoma groups (Perkins & Phelps, 1982; Seddon, Schwartz, & Flowerdew, 
1983), and several authors have reported a decrease in axial length following 
glaucoma filtration surgery (Cashwell & Martin, 1999; Francis et al., 2005; 
Kook, Kim, & Lee, 2001; Uretmen, Ateş, K., & Deli, 2003).  A longitudinal 
study performed on Danish school children monitored myopic progression, 
IOP and axial elongation bi-annually for a two year period and found that 
those children who fell into the higher IOP group (> 16 mmHg) experienced 
greater axial elongation and myopia progression than those considered to 
have lower IOP (Jensen, 1992).  In contrast, others report no significant 
difference in IOP with refractive error in children and adults (Lee, Saw, 
Gazzard, Cheng, & Tan, 2004; Manny, Deng, Crossnoe, & Gwiazda, 2008; 
Puell-Marín, Romero-Martín, & Domínguez-Carmona, 1997; Schmid, Li, 
Edwards, & Lew, 2003). 
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The question remains however, whether an increase in IOP occurs prior 
to, or as a consequence of myopia development.  Many studies have been 
conducted investigating the relationship between IOP and myopia in school-
aged children, as the development of myopia at this age is presumably due 
to increased axial length.  Some studies have found that children with higher 
IOPs had a higher myopic progression rate (Jensen, 1992), while other 
reports suggest that a prolonged period of increased IOP does not pre-date 
myopia development, and the continued development of myopia is not a 
consequence of high IOP (Goss & Caffey, 1999; Lee, et al., 2004; Manny, et 
al., 2008).  
Many studies have investigated the potential association between near 
work and IOP, with the majority reporting a reduction of IOP with 
accommodation (Armaly & Rubin, 1961; Blake, Horgan, Carroll, Stokes, & 
Fitzpatrick, 1995; Mauger, Likens, & Applebaum, 1984).  Another study 
found a significant decrease in both IOP and ocular pulse amplitude with 
accommodation in emmetropes and progressing myopes, although no 
difference was noted between refractive groups leading the authors to 
conclude that IOP is unlikely to play a simple mechanical role in the 
development of myopia (Read et al., 2010).  Some authors have also 
suggested that IOP may play a role in the accommodation mechanism, with 
evidence in primate eyes showing an initial pressure differential between the 
vitreous and aqueous chambers during accommodation that might be 
expected to play a role in altering crystalline lens shape (Coleman, 1986).  
However, recent findings from rhesus monkey eyes stimulated to 
accommodate pharmacologically and centrally, both showed that a decrease 
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in anterior chamber pressure is not fundamental to the accommodation 
mechanism, with a variety of IOP responses seen to accompany 
experimentally induced accommodation (He, Wendt, & Glasser, 2014). 
There have been various studies which have attempted to deliberately 
manipulate IOP in the short-term to observe the associated transient axial 
length changes.  Changes in IOP induced mechanically through the use of a 
suction cup in vivo have been shown to result in an increase in axial length 
as IOP increases (a mean axial elongation of 23 µm and 39 µm occurred 
with elevations of IOP of 10 and 20 mmHg respectively), and a decrease in 
axial length when IOP decreases (Leydolt, Findl, & Drexler, 2008).  A study 
involving darkroom prone provocative testing (in patients predisposed to 
angle closure) reported that eyes with acutely raised IOP undergo a 
corresponding axial elongation (Hata, Hirose, Oishi, Hirami, & Kurimoto, 
2012).  Given that dynamic exercise has been found to result in a decrease 
in IOP, axial length and IOP were measured before and after a period of 
physical activity, both of which were found to decrease by a small but 
statistically significant amount with exercise, and were moderately correlated 
with one another (Read & Collins, 2011).  In another study it was reported 
that small but significant increases in IOP were created mechanically through 
wearing swimming goggles (mean increase 3.7 mmHg), and that transient 
increases in axial length (mean increase of 18 µm) accompanied this 
increase in IOP (Read et al., 2011). 
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1.4.2.2 Optical influences 
The second proposed mechanism which could potentially explain the 
link between myopia and near work is thought to arise through 
accommodative induced retinal defocus (Goss, 2000; Hung & Ciuffreda, 
2007; Ong & Ciuffreda, 1995), since there is evidence from animal studies 
that exposure to hyperopic defocus results in a disruption to the normal 
emmetropisation process, and the development of myopia.  While the 
evidence in human data is less clear, chronic retinal defocus at near is more 
common and often greater in myopes and has been suggested to trigger a 
series of biochemical events which could result in scleral remodelling and 
axial elongation to improve image clarity. 
 
1.4.2.2.1  Near work induced transient myopia 
Near work induced transient myopia (NITM) is a small, transient, 
pseudomyopic shift in the far point of the eye following a period of sustained 
near work, presumably due to a delay in relaxation of accommodation (Ong 
& Ciuffreda, 1995; Vasudevan & Ciuffreda, 2008; Wolffsohn, Gilmartin, 
Thomas, & Mallen, 2003).  NITM occurs in many visually normal individuals, 
particularly myopes, with an average magnitude of 0.40 D difference 
between the pre- and post-task distance refraction (Ciuffreda & Lee, 2002; 
Ciuffreda & Wallis, 1998; Ong & Ciuffreda, 1995; Rosenfield & Ciuffreda, 
1994).  This change is relatively small in the general population and remains 
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within the eye’s depth of focus, so the retinal image is therefore perceived to 
be clear and the individual is asymptomatic.  There is however evidence that 
some susceptible individuals experience NITM of greater magnitude and 
duration, and report transient distant blur following near tasks. It has been 
proposed that these transient after-effects may lead to permanent refractive 
error development and progression (Ciuffreda & Ordonez, 1995, 1998; 
Ciuffreda & Wallis, 1998).  
The first objective assessment of the effects of NITM found significant 
post-task myopic shifts which did not fully decay in the hour following the  
2 hour long near task (Ehrlich, 1987).  Another group investigated the effect 
of near work on groups of EOMs, LOMs, emmetropes and hyperopes 
(Ciuffreda & Wallis, 1998).  Both groups of myopes exhibited equal and 
significant levels of NITM, with nearly 90% of the myopes, and only 25% of 
the remaining two groups showing significant NITM.  LOMs appeared to be 
particularly susceptible to the effects of NITM, showing a longer post-task 
decay period than the EOMs, with some participants not returning to baseline 
levels after the two minute measurement period.  A study by Vasudevan and 
Ciuffreda (Vasudevan & Ciuffreda, 2008) showed significant additivity of 
NITM in EOMs and LOMs, but not emmetropes; and prolonged decay 
periods in the myopic participants.  The authors concluded that myopes in 
general, not just LOMs are susceptible to the environmental effects of near 
work.  Studies involving young children have shown that not only do myopes 
possess a higher frequency of NITM than emmetropes, but show sustained 
levels of NITM over the entire two minute decay period (Wolffsohn et al., 
2003).  Baseline data from the Beijing Myopia Progression study (Lin et al., 
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2012) shows that NITM and decay time is larger and longer in a group of 
myopic children compared to the emmetropic control group.  
A relationship between refractive error stability and NITM susceptibility 
is necessary to determine a link between myopia progression and near work.  
Two groups have sought to relate NITM and permanent myopia through 
studies involving progressive and stable myopes.  Vera-Diaz, Strang and 
Winn found that the initial magnitude and decay of NITM was greater in 
progressive myopes than stable myopes, and did not fully decay during the 
post-task period (Vera-Díaz, Strang, & Winn, 2002).  It was also found that 
progressive myopes demonstrated an increased accommodative lead at 
distance, which was thought to reflect the inaccurate nature of the 
accommodative response in this group.  The authors theorised that because 
there was an increase in NITM during myopia progression, a likely link exists 
between NITM and myopia development.  Vasudevan and Ciuffreda reported 
progressive myopes showed a greater magnitude of NITM than stable 
myopes, and a decay period that was twice as long, leading the authors to 
agree that progressive myopes were more susceptible to near work induced 
after-effects than stable myopes (Vasudevan & Ciuffreda, 2008). 
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1.4.3 Lack of outdoor activity 
While numerous studies report a potential link between myopia and 
near work, the role of outdoor activity or specifically the lack of outdoor 
activity and myopia has been reported more recently.  In the past a strong 
emphasis has been placed on the increase in time spent on sports and a 
decrease in myopia prevalence (Jones et al., 2007; Mutti, et al., 2002; 
Pärssinen & Lyyra, 1993).  However more recently the protective effect of 
outdoor activity on myopia progression, rather than sport specifically has 
gained attention.  A cross sectional study of 6-year-old Australian and 
Singaporean children found 29.1% of the Singaporean children were myopic 
compared to only 3.3% of the children in Sydney, and had a significantly 
higher mean refractive error despite the Sydney cohort spending significantly 
more hours per week on near tasks.  The Australian children however spent 
an average of 14 hours per week outdoors compared to just over 3 hours per 
week in Singapore children (Rose, Morgan, Smith, et al., 2008).  The Sydney 
Myopia Study collected data from two age groups of Australian school 
children and found that higher levels of outdoor activity in the 12-year-old 
population were associated with the lowest levels of myopia prevalence.  It 
was found that total time spent outdoors, rather than specifically sport and 
physical activity, were linked to lower myopia rates, and that indoor sports 
had no significant effect on refractive error (Rose, Morgan, Ip, et al., 2008).  
More recently it was reported that in a group of Australian myopic and 
emmetropic children there was no difference in the daily amount of physical 
activity between the groups, however the myopes experienced significantly 
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lower levels of daily light exposure than the emmetropes (Read, Collins, & 
Vincent, 2014).  This led the authors to suggest that bright outdoor light was 
more likely to play a role in myopia development than levels of physical 
activity. 
The mechanism by which outdoor activity counteracts myopia 
development is unclear.  Theories include decreased accommodative 
demand associated with distance viewing negating the effect of near work, or 
that increased time spent indoors simply equates to less time indoors 
engaging in near work activity.  However studies of the daily activities of 
Singaporean and Australian populations show that outdoor activity has a 
protective effect on myopia development independent of near work (Dirani et 
al., 2009; Rose, Morgan, Ip, et al., 2008).  The high light intensity associated 
with outdoors has also been suggested as a possible factor, either through a 
mechanism of pupil constriction outdoors increasing depth of field and 
minimising blur, or through increased release of dopamine from the retina 
inhibiting eye growth (Rose, Morgan, Ip, et al., 2008; Schwahn, Kaymak, & 
Schaeffel, 2000).  It has recently been suggested the protective effect seen 
from time spent outdoors may be related to high levels of cutaneously 
derived vitamin D (Mutti & Marks, 2011).  This theory is supported by 
evidence that ocular growth is accelerated during the Winter and Autumn 
months where there are fewer daylight hours, and slowed during the Spring 
and Summer months (Fulk, et al., 2002), and that myopic children have been 
reported to demonstrate significantly lower levels of outdoor activity during 
the semester compared with other refractive groups (Deng, Gwiazda, & 
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Thorn, 2010) although all children increased their time spent outdoors during 
the Summer compared to during the semester.  
In contrast to these findings, a survey of a rural Chinese population 
found no significant association between refractive error and outdoor activity 
(Lu et al., 2009).  A study of Singapore Chinese preschool children aged less 
than 6 years old also failed to find a relationship between outdoor activity and 
refractive error, indicating that genetic factors such as parental myopia may 
play a critical role in early onset myopia development, and environmental 
factors may play a part in later refractive development (Low et al., 2010). 
 
1.5  In vivo ocular measurement techniques 
Numerous imaging techniques have been utilised to image the 
structures of the eye in vivo.  Recent advancements in imaging technology 
allow high resolution, precise measurements of a range of ocular biometrics 
and also allow the imaging and measurement of structures within the eye 
that was not previously possible.  The development of these higher 
resolution imaging methods are of particular importance when investigating 
small, short-term changes in the eye’s ocular parameters during 
accommodation, which may have been below the detection capabilities of 
previously used methods. 
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1.5.1 Ultrasound imaging techniques 
The dimensions of the eye were assessed in early studies with the 
ultrasonic echo-impulse technique, which allowed segregation of ocular 
structures based on their individual velocity of sound (Oksala & Lehtinen, 
1958) and was originally employed to aid in the diagnosis of ocular pathology 
(Mundt & Hughes, 1956).  As increasing accuracy of techniques was 
required to improve intraocular lens power calculation, ultrasound became a 
standard clinical procedure (Olsen, 1989), with current instruments reporting 
axial resolution of 50-100 µm for the measurement of axial length.  However 
the disadvantages associated with ultrasound, such as mechanical contact 
with the cornea, the need for anaesthetic and pupil dilation, limited 
transversal resolution of the beam, an underestimation of axial length, and 
the requirement that the contralateral eye must be used for 
fixation/stimulation of accommodation (rather than the measured eye), meant 
that a more sophisticated technique was sought (Olsen & Nielsen, 1989).   
Ophthalmic A-scan and B-Scan ultrasound imaging has been used for 
many decades (Baum & Greenwood, 1958; Mundt & Hughes, 1956).   
A-scans provide axial or profile measurements, whereby B-scans consist of 
successive A-scans taken at different transverse locations compiled together 
to form a cross-sectional image (Hau et al., 2015).  While ultrasound B-scan 
is a common imaging modality for both qualitatively and quantitatively 
assessing ocular structures, spatial resolution of the technique is limited due 
to the low frequency (10-20 MHz) necessary for deeper tissue penetration.  
Ultrasound B-scans of a higher frequency (30-50 Hz), using a technique 
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known as ultrasound biomicroscopy (UBM) provides image resolution of an 
order of magnitude higher than previous B-scan techniques, with an axial 
resolution of approximately 25 µm and a transverse resolution of 50 µm 
(Konstantopoulos, Hossain, & Anderson, 2007).  However, due to the strong 
attenuation of high-frequency signals, UBM can only be used to image 
anterior eye structures, with scanning depth limited to 3-6 mm (Foster, 
Pavlin, Harasiewicz, Christopher, & Turnbull, 2000). 
Ultrasound imaging techniques have been employed in measuring axial 
biometric distances within the eye, and the lens periphery and ciliary body 
(Bolz, Prinz, Drexler, & Findl, 2007; Croft et al., 2013; Ostrin, Kasthurirangan, 
Win-Hall, & Glasser, 2006).  Ultrasound is advantageous in studies 
examining ocular biometry during accommodation, as ultrasound velocity 
appears to remain relatively constant in the accommodating lens.   
Hence, the measurements are not affected substantially by refractive effects 
induced by changes in the crystalline lens during accommodation (van der 
Heijde & Weber, 1989).  
 
1.5.2  Partial coherence interferometry 
Partial coherence interferometry was originally utilised as a high 
resolution and accurate, non-contact method of determining human ocular 
dimensions in vivo.  These initial measures however were time consuming 
and enhanced versions were developed (Fercher, 1996; Fercher, 
Mengedoht, & Werner, 1988; Hitzenberger, 1991; Huang et al., 1991).  The 
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IOLMaster, a non-contact ocular biometer which utilises PCI for the 
determination of axial length and calculating required intraocular lens power, 
gives comparable measurements to immersion ultrasound biometry (Haigis, 
Lege, Miller, & Schneider, 2000) and eliminates the need for corneal contact, 
topical anaesthetic and pupil dilation necessary with ultrasound techniques, 
improves patient comfort, eliminates the risk of corneal abrasion and 
infection, and is easier to use (Lam, Chan, & Pang, 2001).  In addition, it 
gives excellent intra- and inter-observer repeatability and accuracy (Connors, 
Boseman, & Olson, 2002; Kielhorn, Rajan, Tesha, Subryan, & Bell, 2003; 
Lam, et al., 2001; Santodomingo-Rubido, Mallen, Gilmartin, & Wolffsohn, 
2002; Vogel, Dick, & Krummenauer, 2001), and a resolution of 20 µm or 
better in the determination of internal ocular dimensions (Hitzenberger et al., 
1993).  The IOLMaster uses an infrared laser at wavelength 780 nm to 
measure axial length, and the resulting optical distance detected is converted 
into a geometric distance based on the average refractive index given by the 
Gullstrand no. 1 model eye (Goyal, North, & Morgan, 2003).  
Ultrasound measures of axial length have been found to be shorter than 
those obtained by the IOLMaster (Hitzenberger, et al., 1993), thought to be 
due to the applanation of the cornea with the transducer probe and 
subsequent shallowing of the anterior chamber.  Another possible source of 
variance is the fact that sound and light are reflected from different layers 
within the retina.  Ultrasound measures of axial length are taken from the 
internal limiting membrane, whereas light in PCI is reflected from the retinal 
pigment epithelium. 
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1.5.3 Optical low coherence reflectometry 
A new device for measuring ocular biometry, the Lenstar LS 900 allows 
determination of not only axial length, but central corneal thickness, anterior 
chamber depth, lens and retinal thickness (Holzer, Mamusa, & Auffarth, 
2009).  Utilising OLCR principles (a technique analogous to PCI, but utilising 
a different light source), measurements are taken using a broad band light 
source with a central wavelength of 820 nm taking approximately 20 
seconds, and all ocular parameters can be obtained by a single 
measurement (Cruysberg et al., 2010).  Due to the different spectral 
characteristics between the IOLMaster multimode laser diode and the 
Lenstar superluminescent diode a higher resolution can be achieved with the 
Lenstar, and the lack of the dual-beam configuration of the IOLMaster allows 
the Lenstar to perform A-scans from the tear film to the retina (Rohrer, 
Frueh, Wälti, Tappeiner, & Goldblum, 2009).  Like the IOLMaster, the 
Lenstar allows for rapid, non-contact measures, and has been found to have 
similar accuracy and repeatability (Buckhurst et al., 2009; Cruysberg, et al., 
2010; Holzer, et al., 2009; Rohrer, et al., 2009). 
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1.5.4 Magnetic resonance imaging 
Magnetic resonance imaging (MRI) is a non-optical, non-invasive 
imaging technique that allows for three-dimensional whole eye imaging in 
vivo which is not influenced by any changes to the refractive properties of the 
crystalline lens during accommodation (Kasthurirangan, Markwell, Atchison, 
& Pope, 2011; Singh, Logan, & Gilmartin, 2006; Strenk, Strenk, & Guo, 2006, 
2010).  MRI has been successfully used to image variations in ocular shape 
with refractive error (Gilmartin, Nagra, & Logan, 2013), ciliary body (Strenk, 
et al., 2006, 2010) and crystalline lens anatomy (Atchison et al., 2008; 
Kasthurirangan, et al., 2011; Sheppard et al., 2011; Strenk, Strenk, & 
Semmlow, 2000; Strenk, Strenk, Semmlow, & DeMarco, 2004), and 
lenticular refractive index distribution (Jones, Atchison, & Pope, 2007; 
Kasthurirangan, Markwell, Atchison, & Pope, 2008).  Because the image is 
not impeded by the iris, MRI is particularly useful in imaging the anterior 
segment (particularly the ciliary body) in vivo. 
Both two- and three-dimensional imaging of the globe can be obtained 
with MRI, with either T1-weighted or T2-weighted contrast to highlight the 
structure of interest.  The aqueous and vitreous humour have high signal 
intensity (i.e. appear hyper-intense) with T2-weighted MRI, allowing 
determination of the internal ocular shape at the high contrast border 
between the retina and vitreous (Gilmartin, et al., 2013).  The sclera, choroid 
and retina are highlighted in T1-weighted MRI, appearing grey/hyper-intense 
in contrast to the darker, hypo-intense vitreous signal, however the sclera, 
choroid and retina are difficult to distinguish from each other due to the 
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imaging resolution of current MRI devices.  At a typical resolution of 100 μm , 
MRI has a lower resolution than both optical and ultrasound techniques 
(Kasthurirangan, et al., 2011; Strenk, et al., 2010), and is time consuming, 
expensive and prone to artefacts from eye movements and blinks.  MRI’s 
limited resolution restricts its ability to measure certain ocular structures such 
as the vitreous zonule and anterior hyaloid membrane, and may prevent the 
detection of small changes in ocular dimensions during accommodation 
(Croft, et al., 2013). 
 
1.5.5 Optical coherence tomography 
Optical coherence tomography (OCT) is an optical technique which 
measures the back scatter of light through transparent or semi-transparent 
tissues such as the cornea, vitreous and retina.  It can be used to provide 
cross-sectional images of a range of different ocular structures.  First 
developed in the early 1990s, early instruments used time-domain (TD-OCT) 
imaging which had a relatively slow image acquisition and was prone to 
movement artefact.  Additionally, the use of low coherent light sources 
limited the axial image resolution to 8-10 μm.  The introduction of spectral 
domain optical coherence tomography (SD-OCT) has allowed non-invasive 
high resolution imaging (up to 2 μm) of the retina and choroid in vivo, and 
advances in OCT image acquisition methods and image processing 
algorithms permits signal averaging and image enhancement.   
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The enhanced depth imaging (EDI) OCT technique was first 
demonstrated by Spaide (Spaide, et al., 2008) which allowed for better 
visualisation of the choroid than previously obtainable with traditional OCT.  
An inverted image is obtained by placing the objective lens of the spectral 
domain OCT closer to the eye than standard imaging, which allows highly 
repeatable manual determination of subfoveal choroidal thickness 
measurements (Ikuno et al., 2011).  Another technique to improve image 
quality, which is employed by a variety of OCT systems is image averaging, 
where multiple B-scans are taken at a single location and then averaged 
together to reduce noise and construct an image with minimal speckle.   
High-penetration OCT instruments with longer wavelengths have also been 
shown to increase signal penetration into the choroid and allow for reliable in 
vivo measures of choroidal thickness (Agawa et al., 2011; Ikuno, Kawaguchi, 
Nouchi, & Yasuno, 2010; Ikuno, et al., 2011).  This was not previously 
possible with other imaging techniques due to attenuation of the signal from 
the choroid by the RPE layer.  
The scan length reported by spectral domain OCT systems is relative, 
as the scanning mirrors are calibrated to a model eye with an assumed axial 
length.  As significant variation in axial length exists in the population, the 
lateral scale of all data sets should be adjusted for the individual’s axial 
length to avoid the confounding influence of magnification effects.  This can 
be done by multiplying the nominal scale length by the ratio of the subject’s 
actual axis length to the axial length assumed by the system (Odell, Dubis, 
Lever, Stepien, & Carroll, 2011; Wagner-Schuman et al., 2011). 
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In addition to imaging the posterior eye, both TD-OCT and SD-OCT 
have been used to image structures in the anterior segment such as the 
cornea, ciliary body, and sclera.  A near infrared light source with a 
wavelength of either 1310 nm or 830-850 nm is used, with shorter 
wavelengths giving high resolution (~5 μm) but a shallow penetration, and 
longer wavelengths providing deeper penetration, but low image resolution 
(~18 μm).  Enhanced depth imaging techniques can also be utilised on the 
SD-OCT instruments to provide an enhanced view of the sclera in vivo. 
 
1.6  Rationale 
In the preceding review of the literature, the multifactorial nature of the 
development and progression of myopia was outlined.  Although the exact 
aetiology of myopia is not fully understood, it is well known that a wide 
number of structural changes within the eye accompany its development.  
Numerous studies have examined environmental influences on short- and 
longer-term variations in these ocular structures in an attempt to better 
understand the pathogenesis of myopia.   
There is a range of evidence demonstrating a potential link between 
near work and level of education and the development and progression of 
myopia.  However, the mechanisms underlying these associations are 
currently unclear.  The primary ocular change underlying myopia 
development is an increase in eye length, although there is evidence to 
suggest that myopic eyes also have a thinner choroid and a weaker, more 
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extensible sclera.  Recent developments in ocular imaging technology now 
mean that measurements of axial length, choroidal thickness and scleral 
thickness can all be obtained with higher resolution and precision than was 
previously possible. 
Given these documented associations and developments in imaging 
technology, this research involved a series of experiments aimed at 
understanding the changes occurring in eye length, and the thickness of the 
choroid and sclera during near work tasks, over time, in both myopic and 
emmetropic subjects.  We aimed to examine the changes in a range of 
ocular parameters with accommodation in the eyes of myopes and 
emmetropes.  Since there are documented associations between near work 
and myopia, we hypothesised that the eyes of the myopes may exhibit 
differences in their short-term structural changes compared to the eyes of 
emmetropes during accommodation, which may provide insights into the 
origins of the longer-term structural differences that exist between myopic 
and emmetropic eyes.  The identification of differences between these 
refractive groups during accommodation has the potential to improve 
understanding of the role of near work in the development and progression of 
myopia.  
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2 Axial length and subfoveal choroidal thickness 
changes during and after prolonged 
accommodation in myopes and emmetropes 
2.1 Introduction 
Since myopia often presents and progresses throughout the schooling 
years, it has been hypothesised that high levels of near work may contribute 
to its development (Curtin, 1985).  A number of studies have reported 
significant associations between near work and myopia development and 
progression (Curtin, 1985; Fulk, et al., 2002; Jacobsen, et al., 2008; Lin, 
Shih, Lee, Hung, & Hou, 1996; McBrien & Adams, 1997; Onal, et al., 2007; 
Tan, et al., 2000),  but there are other studies where the association between 
these factors is not as clear (Ip, et al., 2008; Mutti, et al., 2002; Saw, et al., 
2007).  The documented associations between near work and myopia, and 
the fact that myopia typically develops as a result of an axial elongation of 
the eye (Grosvenor & Scott, 1991, 1993; Jiang & Woessner, 1996) has 
prompted a number of investigations into whether changes in the axial length 
of the eye accompany accommodation. 
Studies utilising partial coherence interferometry (PCI) techniques for 
the measurement of axial length have demonstrated that a small axial 
elongation of the eye occurs with accommodation, although varying 
magnitudes have been reported (Drexler, et al., 1998; Mallen, et al., 2006; 
Read, Collins, Woodman, et al., 2010; Suzuki, et al., 2003; Woodman, et al., 
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2011).  However, the increase in optical path length of the eye associated 
with crystalline lens thickness changes during accommodation can result in 
an overestimation of axial length with PCI techniques in an accommodating 
eye (Atchison & Smith, 2004).  Recent studies have endeavoured to 
overcome this potential error induced when measuring axial length during 
accommodation, by either measuring axial length immediately following 
accommodation (where lens thickness changes are expected to be minimal) 
(Woodman, et al., 2011) or by measuring axial length during accommodation 
with an instrument that also provides measurements of lens thickness (this 
allows an estimate of the likely measurement error in axial  length) (Read, 
Collins, Woodman, et al., 2010).  Both of these recent studies, that are 
unlikely to be substantially influenced by measurement errors associated 
with the PCI technique during accommodation, have also found a significant 
increase in axial length associated with accommodation. 
Although studies have consistently noted small increases in axial length 
associated with accommodation, the exact cause of this axial elongation is 
unknown.  It has been suggested that it may arise from a mechanical 
stretching of the globe from inward forces imposed by the ciliary muscle on 
the globe equator during accommodation (Drexler, et al., 1998; Mallen, et al., 
2006; Woodman, et al., 2011).  As these previous studies define axial length 
as the distance from the cornea to the retinal pigment epithelium (RPE), it is 
also possible that changes in the thickness of the choroid with 
accommodation could contribute to the observed axial length changes.  
However, the presence of choroidal thickness changes during 
accommodation has not previously been investigated. 
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Reports of differences in the magnitude of axial elongation induced by 
accommodation for different refractive error groups have varied, with initial 
studies reporting a larger increase in axial length in emmetropes compared 
to myopes (Drexler, et al., 1998), while later studies using the IOLMaster 
have found larger axial length changes in myopic subjects (Mallen, et al., 
2006; Woodman, et al., 2011).  While some authors (Read, Collins, 
Woodman, et al., 2010; Zhong, et al., 2014) have reported no significant 
difference between emmetropic and low myopic subjects in terms of 
magnitude of axial elongation during a brief period of accommodation, others 
reported that progressing myopes exhibited a greater change in axial length 
after a prolonged accommodation task (Woodman, et al., 2011). 
The majority of previous studies investigating axial length and 
accommodation have only used brief periods of accommodation, with 
measurements collected only at a single time point during accommodation 
(Drexler, et al., 1998; Mallen, et al., 2006; Read, Collins, Woodman, et al., 
2010; Suzuki, et al., 2003).  The exact time spent accommodating in these 
previous studies has either been very brief (i.e. 20 seconds (Mallen, et al., 
2006; Read, Collins, Woodman, et al., 2010)) or has not been reported 
(Drexler, et al., 1998; Suzuki, et al., 2003).  Another study investigated the 
influence of a longer period of accommodation (30 minutes), however 
measurements were only taken before and immediately after the near task, 
with no measurements during the 30 minute period of accommodation 
(Woodman, et al., 2011).  Some of the differences between previous studies 
in terms of magnitude of change in axial length and differences between 
refractive error groups could therefore potentially relate to the length of time 
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spent performing the accommodation task.  An improved understanding of 
the time course of changes in axial length with accommodation and their 
recovery may help to clarify some of these previous inconsistencies. 
In this experiment we aimed to investigate the time course of change 
and recovery in axial length during an extended period of accommodation, 
and to examine the potential role of the choroid in these changes.  We have 
used optical low coherence reflectometry (OLCR) (a technique analogous to 
PCI) which allows measurement of a range of ocular biometrics including 
axial length, crystalline lens thickness and choroidal thickness, both before, 
during and after a 30 minute accommodation task in a population of young 
adult myopic and emmetropic subjects. 
 
2.2 Methods 
2.2.1 Subjects and screening 
Fifty-nine young, healthy adult participants (females n = 39,  
males n = 20) aged between 18 and 30 years (mean age 21.8 ± 3 years, 
emmetropes 21.7 ± 3 years, myopes 21.9 ± 3 years) were recruited for the 
study, primarily from the students of the Queensland University of 
Technology (QUT) School of Optometry and Vision Science in Brisbane, 
Australia.  The sample size for this experiment was determined based upon 
pilot studies, and previously published values of axial length changes during 
accommodation (Read, Collins, Woodman, et al., 2010; Woodman, et al., 
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2011), in order to provide 80% power to detect an axial length change of  
9 μm at the 5% level.  None of the subjects had any significant history of 
ocular or systemic disease, injury or surgery.  Participants underwent a brief 
eye examination to ascertain their current refractive status, monocular 
amplitudes of accommodation and to ensure normal ocular health.  Any 
participants who routinely used soft contact lenses were asked to refrain 
from wear for 24 hours prior to testing (n = 31).  To calculate myopic 
progression rates, a questionnaire was completed by each subject detailing 
their refractive history over the past five years, and if necessary the subjects’ 
primary eye care practitioner was contacted to obtain previous prescription 
information.  Approval from the University Human Research Ethics 
Committee (QUT Approval Number 1000000184) was obtained before 
commencement of the study and subjects gave written informed consent to 
participate.  All subjects were treated in accordance with the tenets of the 
Declaration of Helsinki.  
The subjects were classified based upon their subjective spherical 
equivalent refraction (SER) as either emmetropes (n = 22, SER +0.50 to  
–0.25 DS, with no more than –0.50 DC of astigmatism), or myopes (n = 37, 
SER ≥ –0.75 DS, with no more than –1.00 DC).  Spherical refractive ranges 
were defined so that emmetropic subjects had less than +0.75 D of 
hyperopia, and no more than −0.25 D of myopia in keeping with previous 
studies’ definition of emmetropia (McBrien & Adams, 1997).  Myopia was 
defined as greater than −0.50 D sphere, with an upper limit of −6.00 D which 
was restricted by the range of the +13 D Badal system.  Cylindrical power 
was deliberately limited to 1 D or less to minimise blur in any meridian, since 
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the Badal system only allowed for correction with the subject’s mean sphere 
refraction.  The mean SER ± SD for the right eye was +0.16 ± 0.28 DS for 
the emmetropes and –2.90 ± 1.57 DS for the myopes.  The mean cylindrical 
refraction of the emmetropes’ right eye was  
–0.13 ± 0.24 DC and myopes was –0.39 ± 0.39 DC.  The myopic subjects 
were additionally classified as either stable (n = 22) or progressing myopes  
(n = 15), using a change in spherical equivalent of –0.50 D or more over the 
past two years in the subjects’ right eye (based on their refractive history 
provided by their primary eye care practitioner) as the criteria for 
progression.  The mean SER of the myopic sub-groups were –3.26 ± 1.53 D 
for the progressing myopes, and –2.65 ± 1.58 D for the stable myopes, which 
were not significantly different (p = 0.28).  All subjects exhibited a best-
corrected visual acuity of 0.00 logMAR or better.  Monocular amplitude of 
accommodation measured with the push up method found all subjects’ to 
have ≥ 8 D of accommodation in their right eye (mean = 11.25 ± 1.74 D, 
emmetropes = 11.18 ± 1.63 D, myopes = 11.38 ± 1.96 D).  The emmetropic 
refractive group was comprised of 14 females (63.6%) and 8 males, and the 
myopic group of 25 females (67.6%) and 12 males.  The population 
consisted of 39 subjects of Caucasian (66%), 13 of Asian (22%), and 7 
(12%) subjects of either Indian (6) or Middle eastern (1) ethnic origin. 
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2.2.2 Instrumentation 
Following the screening and classification of participants, each subject 
had ocular biometry performed on their right eye before, during and after a 
30 minute accommodation task.  Ocular biometry measurements were 
obtained with the Lenstar LS900 (Haag-Streit AG, Koeniz, Switzerland) 
optical biometer, which facilitates measurement of a range of ocular 
biometric parameters (Figure 2.1), including central corneal thickness (CCT - 
the distance from the anterior to the posterior corneal surfaces), anterior 
chamber depth (ACD - the distance from the posterior corneal surface to the 
anterior crystalline lens surface), crystalline lens thickness (LT - the distance 
from the anterior crystalline lens surface to the posterior lens surface), axial 
length (AL - the distance from the anterior corneal surface to the retinal 
pigment epithelium), retinal thickness (RT - the distance from the inner 
limiting membrane to the retinal pigment epithelium) and choroidal thickness 
(ChT - the distance from the retinal pigment epithelium to the choroid/sclera 
interface).   
The Lenstar instrument is based upon the principles of OLCR, allows 
for rapid, non-contact measures, and has been found to provide highly 
precise ocular biometric measurements that compare closely to previously 
validated instruments like the IOLMaster (Buckhurst, et al., 2009; Cruysberg, 
et al., 2010; Holzer, et al., 2009; Rohrer, et al., 2009). 
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Figure 2.1. A typical A-scan signal obtained from the Lenstar optical low coherence reflectometry biometer from an individual 
measurement performed on a representative subject.  Automated analysis of the A-scan by the Lenstar software provides measures of central 
corneal thickness (CCT), anterior chamber depth (ACD), lens thickness (LT) and axial length (AL).  Manual analysis of the A-scan signal 
originating from the structures at the posterior eye – the inner limiting membrane (ILM), retinal pigmented epithelium (RPE) and choroid/sclera 
interface (Ch/Scl) allows determination of inter-peak distances estimating retinal and choroidal thickness. 
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2.2.3 Data collection procedures 
To reduce the likelihood that the measurements were confounded by 
the effects of previous visual tasks, prior to any ocular measurements, 
participants were required to perform a distance viewing task for 20 minutes 
(watching television from a distance of 6 m wearing their full distance 
refractive correction).  Participants were then required to view a fixation 
target imaged at infinity through a Badal optometer system via a beam 
splitter positioned in front of the Lenstar biometer (Figure 2.2).  The fellow 
eye was occluded throughout the experiment to ensure reliable fixation of the 
tested eye and eliminate the need for convergence while viewing the target.   
Pilot studies performed with and without the beam splitter on a model eye 
and the right eye of 5 subjects showed that the presence of the beam splitter 
had no significant effect (paired t-test, p > 0.05) on the ocular dimensions 
measured (ACDwithoutBS 3.06 ± 0.37 mm, ACDwithBS 3.06 ± 0.37 mm; LTwithoutBS 
3.68 ± 0.15 mm, LTwithBS 3.67 ± 0.16 mm; ALwithoutBS 24.26 ± 0.87 mm, 
ALwithBS 24.26 ± 0.87 mm).  The pellicle beam splitter used in this experiment 
had a transmittance of 72% and reflectance of 28% for the Lenstar’s 820 nm 
beam wavelength (Edmund Optics, Singapore).  Five measures of ocular 
biometry were then taken to determine baseline ocular dimensions with 
relaxed accommodation.  Any outlying biometric measurements were 
automatically flagged by the Lenstar software during data collection, and 
were then deleted and retaken.  On average, the within session standard 
deviation for the 5 axial length measurements taken at each session was 
0.01 mm, indicating a high level of precision in the measurements.   
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The fixation target in the Badal optometer, consisted of a single spaced 
passage of size 12-point text (each letter subtended 0.024° at the cornea).  
This target was retro-illuminated by an LED light source (luminance of  
237 cd/m2) and was positioned to correct for each subject’s spherical 
equivalent distance refractive error.  Before measurements commenced, the 
beam splitter was adjusted so that the Lenstar’s measurement beam 
coincided with one of the letters in the fixation target’s text.  Subjects were 
instructed to maintain clear focus on the passage of text throughout the 
experiment and to focus on the letter closest to the measurement beam 
during each measurement.  Following the baseline (0 D accommodation 
stimulus) measures, the fixation target was then moved to give a 4 D 
stimulus to accommodation and the subjects’ were instructed to maintain 
clear focus on the passage of text for a 30 minute period.  During this time, 
measurements were taken every 5 minutes.  After 30 minutes of 
accommodation, the target was rapidly moved back to a 0 D accommodation 
demand and measurements were immediately captured to measure any 
post-task changes in ocular dimensions.  Ocular biometric measures were 
then monitored over a 10 minute period (with measures every 5 minutes), as 
subjects continued to view the target at a 0 D accommodation demand.   
The protocol therefore involved 1 baseline measure with relaxed 
accommodation (0 D), 6 measures during a 30 minute accommodation task 
to a 4 D demand, and 3 measures after the task with relaxed accommodation 
(0 D) over a 10 minute period.  At each measurement point during the 
protocol, 5 repeated biometry measures were taken.  The average time to 
collect the 5 biometry measures at each session was 93 ± 13 seconds.
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Figure 2.2. Illustration of the experimental setup.  The retro-illuminated target 
was viewed through a +12 D Badal lens and beam splitter (BS), and the ocular 
biometrics of the subjects’ right eye were measured with the Lenstar (LS).  The 
target was either imaged at infinity (0 D), or to give a 4 D stimulus to 
accommodation, accounting for each subject’s spherical equivalent refractive error.  
The subjects’ left eye was occluded for the duration of the experiment. 
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2.2.4 Data Analysis 
The ocular biometric data for each subject were obtained and averaged 
at each of the 10 time intervals.  CCT, ACD, LT and AL are all automatically 
derived by the Lenstar software.  Manual analysis of the Lenstar A-scan 
output was also performed to determine both RT and ChT.  This was 
achieved by zooming on the posterior portion of the A-scan and adjusting the 
screen cursor of the Lenstar software to align with the A-scan peaks 
originating from the posterior eye (Figure 2.3).   
The distance between the anterior “P1” peak which has been shown to 
correspond to the inner limiting membrane (ILM), and the central “P3” peak 
which corresponds to the retinal pigment epithelium (RPE) was derived to 
determine retinal thickness.  Previous authors using both the Lenstar (Read, 
Collins, & Alonso-Caneiro, 2011; Read, Collins, & Sander, 2010) and other 
similar ocular biometers (Brown et al., 2009) have noted  the presence of 
another peak posterior to the RPE in most subjects.  This posterior peak “P4” 
is assumed to arise from the interface between the choroid and sclera 
(Ch/Scl), and therefore if the retinal cursors are repositioned to align with P3 
and P4 an estimate of choroidal thickness can be made.  This approach for 
deriving retinal and choroidal thickness assumes that retinal and choroidal 
refractive indices are equal, which  is consistent with previous interferometric 
methods used to quantify choroidal thickness (Schmid et al., 1996).  One 
independent masked observer was used to determine the retinal and 
choroidal peaks to avoid potential measurement bias. 
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Figure 2.3. A typical zoomed in image of an A-scan from the posterior eye, the peaks are thought to correspond to posterior eye 
anatomical landmarks; with the anterior peak (P1) originating from the inner limiting membrane (ILM), the prominent central peak (P3) from the 
retinal pigment epithelium (RPE), and the most posterior peak (P4) thought to originate from the choroidal/sclera interface (Ch/Scl).  Manually 
adjusting the screen cursor of the Lenstar software allows the estimation of retinal thickness (RT) and choroidal thickness (ChT).
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The Lenstar instrument is known to use an average ocular refractive 
index for calculating axial length.  To account for any error induced in our 
axial length measures by increases in lens thickness during accommodation 
(Atchison & Smith, 2004), we ‘corrected’ each subject’s axial length 
measures based upon their individual biometric measures.  Using the optical 
parameters of the Gullstrand no. 1 (exact) shell lens model eye, the error (E) 
in the estimated axial length of the accommodating eye can be calculated 
using the equation E = OPLa/nave – Lu, where OPLa is the optical path length 
of the accommodating eye, nave is the average refractive index of the 
unaccommodated eye, and Lu is the geometrical length of the 
unaccommodated eye (Atchison & Smith, 2004).  Atchison and Smith’s 
formula assumes there is no change in axial length between accommodative 
and non-accommodative states, and calculates the amount of change (error) 
in axial length that would occur as a result of changes in effective ocular 
refractive index with accommodation.  Each subject’s ocular dimensions 
provided by the Lenstar instrument were used to derive OPLa and nave in 
order to calculate the potential error induced by the accommodation in the 
near task (E), and this error was subtracted from the measured axial length 
to provide the ‘corrected axial length’ for each individual subject.   
The average refractive index of the unaccommodated eye, nave, is calculated 
as the sum of the individual ocular components’ refractive indices, weighted 
by the portion that each component takes up of the eye’s total geometric 
length (with these geometric lengths for the unaccommodated eye taken 
from the Lenstar data of each individual subject).  The optical path length of 
the accommodating eye (OPLa) is given by the sum of the optical path 
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lengths of each of the ocular components in the accommodating eye.   
The refractive indices used in these calculations were taken from the 
Gullstrand no. 1 (exact) eye with shell lens.  The proportion of the lens 
thickness taken up by the anterior, core and posterior lens shells was kept 
the same for all subjects, and consistent with the proportions in the 
Gullstrand no. 1 (exact) model unaccommodated eye.  The exact refractive 
index used by the Lenstar LS900 for converting optical path lengths into 
geometric distances to calculate axial length is propriety information, and so 
only an estimate of the error can be made. 
Following data collection, 4 subjects (1 myope, 3 emmetropes) were 
excluded from all analyses as they did not exhibit evidence of a consistent, 
significant accommodative response during the near task (i.e. they showed a 
100 µm or less shallowing of the anterior chamber depth and/or thickening of 
the crystalline lens during the accommodation task).   
Eleven subjects (7 myopes, 4 emmetropes) did not exhibit consistent peaks 
from their posterior crystalline lens surface in their A-scan data during all 
measurement sessions and one of these subjects was also missing ACD 
measurements at some time points, and was therefore excluded from ACD 
and LT analysis.  Of the 11 subjects with incomplete LT data, five had LT 
data in more than 50% of their measurements, and were able to have their 
lens thickness at those time points where they were missing data estimated 
based on extrapolation of their average LT measures at the other time 
points, and were therefore included in the corrected AL analysis (but not in 
the LT analysis).  We analysed the data from the remaining subjects with 
complete LT data for all time points, to estimate the likely reliability of the 
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extrapolated data.  A similar extrapolation for LT at one time point during 
accommodation was performed, which allows a comparison to be made 
between the extrapolated and the actual LT.  For those subjects with 
complete data, the average difference between an extrapolated LT and the 
actual LT was 2 µm.  Potential errors of this magnitude are unlikely to have a 
substantial influence on the corrected AL values (a 2 µm change in LT would 
result in a 0.1 µm change in AL).  The final subject numbers for each 
parameter were CCT (n = 55), ACD (n = 54), LT (n = 44), AL (n = 49),  
RT (n = 37), ChT (n = 37). 
 
2.2.5 Statistical analysis 
Prior to analysis, the Kolomogorov-Smirnov test confirmed that the data 
did not depart significantly from a normal distribution (all p > 0.05).  To 
examine the ocular changes over time during the experiment and to 
investigate for any significant differences between refractive error groups, a 
multivariate repeated measures analysis of variance (MANOVA) was 
performed for each of the ocular parameters (CCT, ACD, LT, AL, RT, and 
ChT), with one within subject factor (time) and the between subject factors of 
refractive error group or myopic progression.  Since Mauchly’s test of 
sphericity revealed violations of the sphericity assumption in the majority of 
variables, a multivariate repeated measures analysis approach was used, 
that does not rely upon the data following the assumption of sphericity.  The 
MANOVA analysis was performed firstly to examine the ocular changes from 
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baseline (pre-task) occurring during the accommodation task, and then to 
examine the changes during the post-task (disaccommodation) phase of the 
experiment.   
Ocular parameters showing significant main effects in the MANOVA were 
further examined using Bonferroni adjusted planned comparisons to examine 
the significance of the change from the pre-task measures at each time 
point.  Analysis of covariance (ANCOVA) was also carried out to examine for 
associations between the changes in each of the measured ocular 
parameters over time, using the methods of Bland and Altman for the 
analysis of repeated measures (Bland & Altman, 1995). 
 
2.3 Results 
Baseline AL was highly significantly different (p < 0.001) between the 
two refractive groups, with the average AL being 24.73 ± 1.04 mm (n = 33) 
for the myopes and 23.37 ± 0.81 mm (n = 16) for the emmetropes.   
The average of all subjects was 24.29 ± 1.16 mm (n = 49).  For the 
accommodation task, MANOVA revealed a significant effect of time on the 
corrected AL measures (p < 0.05).  Immediately following task 
commencement (0 min) corrected axial length increased by +20 ± 31 µm  
(p < 0.001), and remained elongated by a similar magnitude compared to 
baseline (p < 0.05) at all time points during accommodation (expect for the 
25 minutes measurement, p = 0.072).  There was no significant time by 
refraction interaction found for the corrected AL values during 
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accommodation (p = 0.554) and no significant refractive error effect for the 
change in AL during accommodation (p = 0.136), indicating that the 
magnitude of axial elongation for the myopic subjects (mean elongation 
across all time points during the accommodation task +22 ± 34 µm) was not 
statistically significantly different to that observed in the emmetropes  
(mean elongation +8 ± 22 µm) (Figure 2.4, Table 2.1). 
When considering the disaccommodation task, a significant effect of 
time was not observed for the corrected AL values.  There was however a 
significant (p < 0.05) time by refractive error interaction.   
Immediately following task cessation (30 min) axial elongation for the 
myopes was significantly longer than baseline (+13 ± 28 µm) and myopes 
showed a significantly greater change in corrected AL from baseline 
compared to the emmetropes (p < 0.05) at both 30 and 35 minutes  
(Figure 2.4, Table 2.1).  None of the changes in AL in the emmetropic group 
post-task were significantly different from baseline (p > 0.05). 
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Table 2.1. 
Mean change (± SD) in corrected axial length (AL) from baseline (BL) (µm) at each time interval during accommodation and disaccommodation 
for all subjects (n = 49), myopes (n = 33), and emmetropes (n = 16). Values marked with an asterisk (*) are significantly different from baseline 
(p < 0.05), and values marked with a cross (†) are highly significantly different from baseline (p < 0.001). 
 Change in AL from BL (μm) 
 
Accommodation  
(4 D Demand) 
Disaccommodation  
(0 D Demand) 
 0 min 5 min 10 min 15 min 20 min 25 min 30 min 35 min 40 min 
All subjects (n = 49) 20 ± 31† 20 ± 32* 18 ± 33* 16 ± 32* 15 ± 31* 14 ± 31 8 ± 26 2 ± 20 1 ± 23 
Myopes (n = 33) 24 ± 36 25 ± 35 24 ± 36 21 ± 34 20 ± 33 18 ± 34 13 ± 28* 6 ± 20 4 ± 25 
Emmetropes (n = 16) 13 ± 16 10 ± 24 7 ± 24 8 ± 26 5 ± 22 6 ± 21 −3 ± 17 −6 ± 20 −4 ± 16 
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Figure 2.4. Plot of mean change (± SEM) in corrected axial length (AL) from 
baseline (BL) (µm) over time (min) for myopes and emmetropes.  Time intervals 
marked with an asterisk (*) indicates a significant difference between myopes and 
emmetropes (p < 0.05). 
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When the myopic group was classified in terms of refractive error 
progression, there was no clear evidence of a difference between the stable 
and progressing myopes in terms of their axial elongation observed during or 
after the accommodation task.  Pearson’s correlation also revealed no 
significant correlation between the subjects’ baseline axial length or myopic 
progression rate and axial elongation at any time point. 
The myopes exhibited a significantly deeper mean baseline ACD  
(3.37 ± 0.24 mm, n = 36) than the emmetropes (3.09 ± 0.42 mm, n = 18)  
(p < 0.05).  Baseline LT was thinner on average in the myopes  
(3.40 ± 0.21 mm, n = 29) than the emmetropes (3.49 ± 0.22 mm, n = 15), 
although this difference did not reach significance (p = 0.165).  MANOVA 
revealed the reduction in ACD and increase in LT during the accommodative 
task to be highly significant (p < 0.001), but there was no significant time by 
refractive group interaction (ACD p = 0.342, LT p = 0.074) or refractive group 
effect (ACD p = 0.857, LT p = 0.655) for either dimension.  Each of the time 
points during accommodation was highly significantly different from baseline 
for both parameters (p < 0.001).  During the disaccommodation period only 
ACD showed a significant time effect, with highly significant ACD shallowing 
from baseline observed at all times post-task (mean change of  
−0.04 ± 0.02 mm during disaccommodation measures) (Figure 2.5, Table 
2.2). 
64 







Figure 2.5. Plot of mean change (± SEM) in anterior chamber depth (ACD) 
from baseline (BL) versus time, and mean change (± SEM) in lens thickness (LT) 
from baseline (BL) versus time for myopes and emmetropes. All values are 
presented in millimetres (mm).
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Table 2.2. 
Mean change (± SD) in CCT (µm), ACD (mm), and LT (mm) from baseline (BL) for all subjects, myopes and emmetropes.  Values marked with 
a cross (†) indicate a highly significant change from baseline (p < 0.001). 
  Change in Anterior Segment Parameters from BL (mm) 
  Accommodation (4 D Demand) Disaccommodation (0 D Demand) 
  0 min 5 min 10 min 15 min 20 min 25 min 30 min 35 min 40 min 
CCT All Subjects 
 (n = 55) 0.27 ± 2 0.55 ± 3 0.15 ± 3 0.14 ± 3 0.24 ± 3 0.38 ± 3 0.13 ± 2 0.38 ± 3 0.48 ± 3 
 Myopes  
(n = 36) 0.09 ± 2 0.11 ± 3 0.03 ± 3 0.11 ± 3 0.22 ± 3 0.27 ± 3 −0.04 ± 2 0.33 ± 3 0.19 ± 2 
 Emmetropes  
(n = 19) 0.61 ± 2 1.38 ± 3 0.37 ± 3 0.21 ± 3 0.29 ± 2 0.58 ± 2 0.44 ± 2 0.46 ± 2 1.04 ± 4 
ACD All Subjects  
(n = 54) −0.20±0.05† −0.24±0.06† −0.26±0.06† −0.27±0.06† −0.28±0.07† −0.28±0.07† −0.06±0.05† −0.03±0.04† −0.03±0.05† 
 Myopes  
(n = 36) −0.20 ± 0.04 −0.24 ± 0.06 −0.26 ± 0.06 −0.27 ± 0.07 −0.28 ± 0.07 −0.28 ± 0.07 −0.06 ± 0.04 −0.03 ± 0.04 −0.03 ± 0.04 
 Emmetropes  
(n = 18) − 0.21±0.06 −0.23 ± 0.05 −0.26 ± 0.06 −0.27 ± 0.06 −0.27 ± 0.06 −0.27 ± 0.07 −0.06 ± 0.07 −0.02 ± 0.05 −0.03 ± 0.07 
LT All Subjects  
(n = 44) 0.24 ± 0.07† 0.25 ± 0.06† 0.25 ± 0.06† 0.26 ± 0.08† 0.26 ± 0.06† 0.26 ± 0.06† 0.01 ± 0.04 0 ± 0.05 0 ± 0.05 
 Myopes  
(n = 29) 0.23 ± 0.08 0.24 ± 0.06 0.25 ± 0.06 0.26 ± 0.07 0.26 ± 0.06 0.26 ± 0.06 0 ± 0.04 −0.01 ± 0.04 −0.01 ±0.05 
 Emmetropes  
(n = 15) 0.27 ± 0.05 0.25 ± 0.05 0.25 ± 0.06 0.26 ± 0.08 0.26 ± 0.06 0.27 ± 0.06 0.02 ± 0.04 0.01 ± 0.06 0.02 ± 0.05 
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The independent masked observer could detect consistent choroidal 
peaks in all measurements in the Lenstar data for 37 of the 59 subjects  
(i.e. for 63% of subjects), comprised of 25 myopes and 12 emmetropes.  
Throughout the time course of the task, ChT was observed to change by a 
smaller magnitude and in the opposite direction to the AL changes observed 
(mean thinning of the choroid during accommodation was 38% of the mean 
axial elongation).  The mean ± SD values for the change in choroidal 
thickness from baseline are reported in Table 2.3.  MANOVA revealed the 
effect of time to approach significance during accommodation (p = 0.064) 
and disaccommodation (p = 0.071).  A significant time by refractive error 
interaction was noted during accommodation (p < 0.05), with myopes 
showing significant differences (p < 0.05) in choroidal thickness from 
baseline at 5 and 10 minutes into the accommodative task (Figure 2.6).  
There was no time by refractive error interaction found during 
disaccommodation (p = 0.165).  On average the choroid of the myopic 
subjects became thinner by −9 ± 18 µm during accommodation, and the 
emmetropes by −7 ± 22 µm.  ANCOVA revealed a highly significant but weak 
negative association between the changes in AL and ChT  
(p < 0.001, r2 = 0.077, slope β = -0.321) (Figure 2.7). 
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Table 2.3. 
Mean change (± SD) in choroidal thickness (ChT) (µm) from baseline (BL) for all subjects (n = 37), myopes (n = 25) and emmetropes (n = 12).  
Values marked with an asterisk (*) indicates a significant change from baseline (p < 0.05). 
 Change in ChT from BL (µm) 
 
Accommodation  
(4 D Demand) 
Disaccommodation  
(0 D Demand)  
 0 min 5 min 10 min 15 min 20 min 25 min 30 min 35 min 40 min 
All subjects  
(n = 37) 
−8 ± 20 −9 ± 19 −10 ± 23 −9 ± 19 −4 ± 20 −10 ± 18 +2 ± 23 +5 ± 22 +6 ± 20 
Myopes  
(n = 25) 
−8 ± 21 −11 ± 19* −14 ± 19* −7 ± 18 −6 ± 16 −9 ± 17 −1 ± 22 0 ± 20 +4 ± 18 
Emmetropes  
(n = 12) 
−7 ± 20 −6 ± 19 −3 ± 28 −13 ± 21 0 ± 27 −12 ± 19 +9 ± 25 +16 ± 22 +12 ± 23 
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Figure 2.6. Mean change (± SEM) in choroidal thickness (ChT) (µm) from 
baseline (BL) over time (min) for myopes (n = 25) and emmetropes (n = 12). 
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Figure 2.7. Mean change (± SEM) in corrected axial length (AL) (µm) and 
mean change (± SEM) in choroidal thickness (ChT) (µm) from baseline (BL) over 
time for all subjects.  These results were taken from the subjects who had adequate 
choroidal data for all time points (n = 27), and the axial length data from these 
subjects only were used (n = 27).  MANOVA showed no significant effect of time, 
refraction, or time by refraction interaction during accommodation or 
disaccommodation (p > 0.05). 
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2.4 Discussion 
Using low coherence reflectometry and adjusting for potential errors in 
axial length due to changes in lens thickness, our cohort of young adult 
subjects demonstrated a significant axial ocular elongation immediately 
following the commencement of an accommodation task.  This was 
sustained for the duration of the task, and was also evident to a lesser extent 
immediately following task cessation.  Axial length had returned to baseline 
levels 10 minutes after the accommodation task.  The changes in axial length 
during and following the prolonged accommodation task were typically of 
larger magnitude in the myopic subjects compared to the emmetropic 
subjects, with statistically significant differences between the myopic and 
emmetropic populations primarily observed during disaccommodation.   
A small magnitude thinning of the choroid was also observed during the near 
task that was statistically significant in the myopic subjects, suggesting that 
these choroidal changes appear to account for a portion of the increased 
axial length during accommodation. 
The increase in axial length which accompanies accommodation has 
been well documented (Drexler, et al., 1998; Mallen, et al., 2006; Read, 
Collins, Woodman, et al., 2010; Suzuki, et al., 2003; Woodman, et al., 2011) 
however the time course of change in axial length with accommodation has 
not been investigated in detail.  Although the axial elongation observed 
during the accommodation task was of slightly higher magnitude in the 
myopic subjects, the corrected axial length data indicates that differences in 
eye elongation during the task between refractive error groups are not 
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statistically significant.  However significant differences associated with 
refractive error were observed in the post-task measures.  During this time, 
the myopic subjects still exhibited a small degree of axial elongation, but the 
axial length of the emmetropic subjects was not significantly different to the 
baseline measures.  This suggests that the time for recovery from 
accommodation induced axial elongation is greater in myopes, and this could 
reflect differences in the biomechanical properties of the globe associated 
with refractive error.  Our findings of differences in axial elongation between 
myopes and emmetropes following the completion of the near task is 
consistent with our previous work using the IOLMaster that also found a 
tendency for myopes to exhibit greater axial elongation than emmetropes 
following a prolonged near task (Woodman, et al., 2011). 
It is possible than an increase in the effective refractive index of the 
lens could account for some of the reported changes in axial length which 
accompany accommodation.  However, there is some debate in the literature 
surrounding the nature of the changes in the crystalline lens’ refractive index 
with accommodation (Dubbelman, Van der Heijde, & Weeber, 2005).   
While earlier reports suggest a small increase in refractive index with 
accommodation, more recent studies using a variety of methodologies found 
no change (de Castro et al., 2013; Hermans, Dubbelman, Van der Heijde, & 
Heethaar, 2008) and others report a small decrease in refractive index of the 
central lens with accommodation (Jones, Atchison, et al., 2007).  Because 
the nature of the changes in lens refractive index with accommodation is not 
completely understood, in our analysis we used an approach that kept the 
effective refractive index of the crystalline lens constant for both states  
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(i.e. the proportion contribution to the overall lens thickness of the lens shells 
was kept constant for the unaccommodated and accommodated cases).  
However, to examine the potential influence of an increase in effective lens 
refractive index with accommodation, we performed additional analysis using 
a model that assumes an increase in effective refractive index of the 
crystalline lens of 0.13% (similar to the increase for the gradient index model 
of Atchison and Smith) which reduced the magnitude of elongation, but still 
resulted in an average significant (p = 0.02) increase in axial length with 
accommodation of +11 ± 31 µm (myopes +17 ± 35 µm, emmetropes  
0 ± 18 µm) (Atchison & Smith, 2004).  The standard deviations of the mean 
changes in axial length indicates that within our group of young adult 
emmetropes and myopes there is a relatively high variability in the observed 
magnitude of axial length change during accommodation.  When subjects’ 
individual responses were examined it was found that 87% of the 
measurements taken during accommodation were either greater than, or 
equal to the baseline axial length.  This indicates that a small percentage 
(13%) of measurements showed a decrease in axial length, with a magnitude 
greater than the resolution of the Lenstar instrument (10 µm).  A decrease in 
axial length could potentially be accounted for if the correction applied to the 
measured axial lengths (to account for increasing ocular refractive index 
during accommodation) was too conservative in some cases, resulting in an 
underestimation of axial length during accommodation.  Alternatively, it is 
possible that a small subset of individuals (only 5 of the 59 subjects were 
observed to show a decrease in axial length) differ in the way that their eye 
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responds to accommodation (e.g. a difference in choroidal change or change 
in the globe/sclera with accommodation).  
The axial elongation seen in the myopic group immediately after task 
cessation could account for low levels of near-work induced transient myopia 
(NITM), however the 12 µm difference from baseline immediately following 
the accommodative task in the myopic subjects would only equate to a  
−0.04 D myopic shift.  This would only account for a small proportion of the 
typical magnitude of NITM previously reported (Ciuffreda & Lee, 2002; 
Ciuffreda & Wallis, 1998; Rosenfield & Ciuffreda, 1994).  Our results show a 
transient axial elongation following the near task in the myopic but not 
emmetropic subjects and this is consistent with previous studies that have 
found myopes to show significant effects of NITM, while emmetropes show 
full decay to baseline levels by task completion (Ciuffreda & Lee, 2002; 
Ciuffreda & Wallis, 1998; Vasudevan & Ciuffreda, 2008). 
Some authors hypothesised that ocular elongation accompanying 
accommodation was due to ciliary muscle force of contraction decreasing the 
circumference of the sclera at the equator of the globe, and resulting in axial 
elongation of the globe (Drexler, et al., 1998; Mallen, et al., 2006).  Another 
possible anatomical change which could potentiate an apparent increase in 
axial length would be a thinning of the choroid, rather than a stretching of the 
globe.  In this study we found some evidence of a decrease in choroidal 
thickness during accommodation, and these choroidal changes exhibited a 
significant but weak negative correlation with the changes in axial length.  
The most prominent and statistically significant reductions in choroidal 
thickness were observed in the myopic subjects during accommodation, and 
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the highest magnitude of change in choroidal thickness for all subjects was 
on average observed 10 minutes after beginning the accommodation task.  
Although the emmetropic subjects on average also exhibited a reduction in 
choroidal thickness during accommodation, these changes did not reach 
statistical significance.  On average the magnitude of choroidal thickness 
change was 38% of the change in axial length during accommodation.   
The magnitude of change in choroidal thickness compared to axial length, 
and the relatively weak correlation with the change in axial length suggests 
that although choroidal thickness changes appear to contribute to the 
changes in axial length, other factors such as scleral stretch are also highly 
likely to play a role in the axial elongation during accommodation. 
It is unlikely that the choroidal thickness measures derived from the 
Lenstar will be influenced by the same accommodation induced artefact as 
the axial length measurements (Atchison & Smith, 2004), because the optical 
path length measured through the choroid should not be affected by 
alterations in lens thickness.  However, it is possible that magnification 
effects associated with an increase in the eye’s refractive power could 
potentially influence the choroidal thickness estimates.  To investigate the 
potential influence of magnification factors upon the measurement of 
intraocular distances with the Lenstar optical biometer, we performed 
additional measurements with a model eye.  Measurements of ocular 
distances of the model eye were unchanged whether the model eye was 
measured on its own (23.91 mm) or whether it was measured with a +4 D 
lens placed in front of it.  This suggests that magnification effects associated 
with 4 D of accommodation are unlikely to have any substantial influence 
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upon our measures of choroidal thickness with the Lenstar instrument.  
There are however limitations to the measurements obtained by the Lenstar 
of choroidal thickness.  Prominent choroidal peaks are not observed in all 
subjects, and the method of identifying the P4 peak associated with the 
choroid requires subjective judgement.  The Lenstar measurements also 
represent the choroidal thickness from only a single foveal location.  It is 
possible that the changes in choroidal thickness may increase anteriorly, 
closer to the ciliary body.  Future research utilising alternative measurement 
techniques capable of more reliable choroidal imaging at the fovea and 
across the posterior pole, such as optical coherence tomography is required 
to more comprehensively understand the choroidal response with 
accommodation. 
Whilst the results from this study indicate that a thinning of the choroid 
potentially accompanies accommodation, the mechanism underlying this 
change is less clear.  Although there is an overall small amount of thinning in 
the choroid and an axial elongation with accommodation, the axial length and 
choroidal data do not always show the same trends in magnitude and time 
course.  Given that tendons from the ciliary muscle have been found to insert 
into regions of the anterior choroid (Tamm, Lutjen-Drecoll, Jungkunz, & 
Rohen, 1991), it is possible that forces from contraction of the ciliary muscle 
could be transmitted to the choroid, and hence influence choroidal thickness 
mechanically.  However, if choroidal thickness changes were linked to forces 
from the ciliary muscle, then a correlation should be seen in the dynamic 
changes in lens thickness during accommodation and recovery.  However, 
there was no association evident between these parameters as the lens 
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thickness returned to baseline values immediately following task cessation.  
It is therefore unlikely that changes to the subfoveal choroidal thickness that 
we have observed during accommodation are mechanically linked.   
The changes observed in choroidal thickness could also potentially involve 
alterations in blood flow or changes in the tone of non-vascular smooth 
muscle within the choroid.  Given that choroidal blood vessels and  
non-vascular smooth muscle (NVSM) cells both receive autonomic 
innervation, it is conceivable that neural signals associated with 
accommodation could also influence these choroidal structures (Nickla & 
Wallman, 2010; Poukens, Glasgow, & Demer, 1998).  In our experiment, 
during accommodation the choroid was observed to thin, returning to 
baseline levels after accommodation subsided.  One possible explanation for 
this is an increase in parasympathetic input into the eye during 
accommodation, leading to a contraction of the NVSM cells and thinning of 
the choroid.  While the purpose of intrinsic choroidal neurons remains 
relatively unknown, it is suggested that they may interact with non-vascular 
smooth muscle  to change choroidal thickness in response to defocus 
(Poukens, et al., 1998).  The parasympathetic fibres that innervate the 
choroid terminate on blood vessels within the perivascular plexuses and 
increase blood flow via vasodilation, whilst the sympathetic innervations to 
the blood vessels mediates vasoconstriction (Nickla & Wallman, 2010).  
Therefore it is unlikely that blood flow regulation plays a role in the choroidal 
changes associated with accommodation seen in this experiment, as our 
results show a choroidal thinning with the increased parasympathetic input 
associated with accommodation, rather than a thickening that would be 
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predicted by the vasodilation that would be expected from increased 
parasympathetic input to choroidal blood vessels.  Recent evidence also 
shows that in humans, pharmacologically blocking the muscarinic receptors 
of the parasympathetic nervous system in the choroid resulted in a 
thickening of the choroid, which is consistent with the hypothesis that 
choroidal thinning associated with accommodation may be mediated by 
parasympathetic input to NVSM cells within the choroid (Sander, Collins, & 
Read, 2014). 
It is also possible that optical factors associated with accommodation 
could lead to changes in the choroid.  It is well known from animal research 
(Wallman, et al., 1995; Wildsoet & Wallman, 1995), and it has recently been 
found in human subjects (Chakraborty, et al., 2012, 2013; Read, Collins, & 
Sander, 2010), that optical stimuli that blur the retinal image can lead to 
changes in the thickness of the choroid, which result in alterations in the axial 
length of the eye.  These choroidal changes in response to defocus have 
been shown to occur rapidly (Read, Collins, & Sander, 2010).   
It is therefore conceivable that changes in the optical characteristics of the 
eye during accommodation (e.g. increased lag of accommodation or 
increased levels of higher order aberrations), could also influence choroidal 
thickness and hence contribute to the axial length changes associated with 
near work.  Future research utilising simultaneous measurements of ocular 
optics (e.g. measures of ocular aberrations) and ocular biometrics during 
near tasks, to examine the relationship between the optical and axial length 
changes associated with accommodation will help to clarify whether 
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accommodative changes in choroidal thickness are mechanically or optically 
driven. 
There were differences observed between the myopic and emmetropic 
subjects’ choroidal response to accommodation and disaccommodation, with 
a more prominent choroidal thinning observed in myopes, which suggests a 
possible difference in choroidal structure or innervation between the two 
refractive error groups.  A thinning of the choroid with accommodation could 
therefore potentially be an important factor in refractive error development, 
given that animal research has demonstrated that a choroidal thinning can 
occur during the development of myopia, and can precede changes in overall 
scleral growth (Hung, et al., 2000; Wallman, et al., 1995; Wildsoet & 
Wallman, 1995).  However, given that the changes we have observed are 
short term and transient, further research is required to better understand the 
implications of accommodation induced choroidal thinning for human myopia 
development. 
As expected, significant changes were also found in anterior chamber 
depth and lens thickness with accommodation.  The magnitude of change in 
these anterior eye parameters is consistent with previous studies and 
indicates an accommodative response close to the 4 D stimulus from the 
myopic and emmetropic populations (Ostrin, et al., 2006).  
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2.5 Conclusion 
In summary, this study confirms previous findings demonstrating a 
significant axial elongation associated with accommodation. This elongation 
persists for a short time following task cessation in myopic subjects before 
returning to baseline levels. We have also shown for the first time, that 
accommodation is accompanied by a thinning of the choroid, that was 
statistically significant in the myopic subjects and appears to account for 
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3 Regional changes in the choroid and retina with 
accommodation across the posterior pole of 
myopes and emmetropes 
3.1 Introduction 
Although alterations in eye length are considered to be the major 
structural change associated with refractive error (Grosvenor & Scott, 1991, 
1993; Jiang & Woessner, 1996), there is also evidence supporting an 
involvement of the choroid in refractive error development (Ho, et al., 2013; 
Wei, et al., 2013).  Animal studies experimentally inducing refractive errors 
through a variety of methods, show that rapid changes in choroidal thickness 
appear to precede longer term eye growth changes associated with the 
development of myopic and hyperopic refractive errors (Wallman, et al., 
1995; Wildsoet & Wallman, 1995).  In both chicks and primates, exposing 
developing eyes to hyperopic defocus is known to result in rapid choroidal 
thinning, followed by longer term increases in eye growth and the 
development of myopia.  Exposure to myopic defocus results in choroidal 
thickening, a slowing of ocular growth, and hyperopic refractive errors.   
Smaller magnitude, short-term changes in choroidal thickness have 
also been documented in human subjects with imposed myopic or hyperopic 
defocus (Chakraborty, et al., 2012, 2013; Read, Collins, & Sander, 2010).   
In these studies, brief periods of monocular hyperopic and myopic defocus 
have been found to produce small bidirectional changes in axial length which 
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appear to be predominantly facilitated by changes in choroidal thickness, 
consistent with the direction of choroidal change previously documented in 
other animals in response to defocus (Wallman, et al., 1995; Wildsoet & 
Wallman, 1995).  Recent cross-sectional studies indicate that longer term 
choroidal thickness changes also appear to accompany naturally occurring 
refractive error in humans, with a thinner choroid seen in longer, myopic 
eyes; and a thicker choroid in shorter hyperopic eyes (Agawa, et al., 2011; 
Fujiwara, et al., 2009; Ouyang, et al., 2011; Wei, et al., 2013). 
In the previous chapter we found that a prolonged near work task 
resulted in a significant axial elongation of the eye, which was also 
accompanied by a thinning of the subfoveal choroid occurred with 
accommodation (that was statistically significant in the myopic subjects).  
The average magnitude of change in choroidal thickness accounted for 
approximately 38% of the average change in axial length, but the exact 
mechanism causing these changes was not clear. 
There are numerous possible explanations for choroidal thinning 
associated with accommodation.  Mechanical force associated with ciliary 
muscle contraction during accommodation is one potential cause of the 
observed choroidal thinning, given that tendons from the ciliary muscle are 
known to insert into the peripheral choroid (Drexler, et al., 1998; Mallen, et 
al., 2006; Woodman, et al., 2011).  Changes in the autonomic tone of the eye 
with accommodation and disacccommodation may also potentially underlie 
the changes, since a number of choroidal structures are known to be 
innervated by the autonomic system (Flügel-Koch, May, & Lütjen-Drecoll, 
1996; Poukens, et al., 1998; Wallman, et al., 1995).  A third possibility is that 
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variations in the optics of the eye during accommodation may be driving the 
choroidal change, since imposed experimental defocus has been found to 
influence choroidal thickness (Chakraborty, et al., 2012, 2013; Read, Collins, 
& Sander, 2010).  
In the first experiment (Chapter 2), the use of optical low coherence 
reflectometry (OLCR) to determine choroidal thickness was a limitation of the 
study, since the identification of the P4 peak, thought to correspond to the 
choroidal/scleral interface requires subjective judgement and was not 
identifiable in all subjects.  These measurements were also only obtained 
from a single subfoveal location, which provides no information about the 
regional variations in the choroidal changes with accommodation.  A better 
understanding of regional choroidal changes with accommodation may 
provide insights into the mechanism underlying the change.  This experiment 
therefore aimed to comprehensively characterise the choroidal response to 
accommodation using optical coherence tomography (OCT), which provides 
high resolution imaging of the choroid and also allows an assessment of the 
regional variations in choroidal thickness across the posterior pole. 
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3.2 Methods 
3.2.1 Subjects and Screening 
Forty healthy young adult participants (females n = 20, males n = 20) 
aged 18-25 years (mean 21.4 ± 1.5 years) were recruited from the students 
of the Queensland University of Technology (QUT) School of Optometry and 
Vision Science in Brisbane, Australia.  The sample size for this experiment 
was determined based upon the within session repeatability of the subfoveal 
choroidal thickness measurements obtained with the Spectralis OCT, in 
order to provide 80% power to detect a subfoveal choroidal thickness change 
of 2 μm at the 5% level.  Prior to testing, the subjects were screened to 
identify and exclude those with any history of significant systemic or ocular 
disease, injury or surgery, or any medication use which may affect refractive 
status.  Any subject who identified as a cigarette smoker was also excluded 
from the study due to the reported choroidal thinning associated with 
cigarette smoking (Sizmaz et al., 2013). 
Subjects initially underwent an eye examination to determine their 
subjective refraction and best corrected visual acuity, monocular amplitudes 
of accommodation (measured via the push up test), horizontal heterophorias 
at distance and near (measured using the Howell-Dwyer method), corneal 
curvature, and anterior eye health.  Subjects were required to have 
amplitudes of accommodation considered age appropriate based on 
Hofstetter’s formula (amplitude of accommodation (D) = 15 – [age/4]), and in 
excess of 6 D (Hofstetter, 1950).  Those subjects who routinely used soft 
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contact lenses were required to refrain from wear for at least 24 hours prior 
to testing (n = 16), and no rigid contact lens wearers were included in the 
study.  Approval from the University Human Research Ethics Committee was 
obtained before commencement of the study (QUT Approval Number 
1000000184), and subjects gave written informed consent to participate.  All 
subjects were treated in accordance with the tenets of the Declaration of 
Helsinki. 
Subjects were classified according to their subjective non-cycloplegic 
spherical equivalent refraction (SER) as either emmetropic (n = 20, SER 
between −0.25 - +0.75 D, cylinder ≤ 1 DC; mean SER 0.38 ± 0.22 D) or 
myopic (n = 20, SER −0.75 - −6.00 D, cylinder ≤ 1 DC; mean SER  
−2.83 ± 1.50 D).  Definition of the refractive ranges for the emmetropes and 
myopes was based upon the criteria used in Experiment 1 (Chapter 2).  Both 
groups were well matched in terms of age (emmetropes 21 ± 1 years, 
myopes 21.8 ± 1.7 years), gender ratio (each group comprised of 50% 
female, 50% male), monocular amplitude of accommodation (emmetropes 
10.8 ± 1.3 D, myopes 11.1 ± 1.7 D), distance heterophorias (emmetropes 0.4 
± 1.3 Δ exophoria, myopes 0.38 ± 1.1 Δ exophoria) and near heterophorias 
(emmetropes 1.9 ± 1.9 Δ exophoria, myopes 1.4 ± 2.9 Δ exophoria). 
The emmetropes had an ethnicity ratio of 55% Caucasian, 30% Asian, 
and 15% other (Egyptian, Indian); and the myopic group had an ethnicity 
ratio of 50% Caucasian, 45% Asian, and 5% other (Sri Lankan).  All subjects 
had monocular visual acuity of logMAR 0.00 or better (emmetropes  
−0.15 ± 0.1, myopes −0.1 ± 0.1).  For the myopic group, the average age of 
onset of myopia was 12.4 ± 4 years and the annual progression rate was low 
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at −0.09 ± 0.12 D/year.  Myopic progression rate was calculated for each of 
the myopic participants by way of a questionnaire detailing their refractive 
history over the previous five years, and if necessary, the subjects’ primary 
eye care practitioner was contacted to obtain previous refraction information.  
Forty percent of the myopes had one myopic parent, 10% had two myopic 
parents, and 50% had no myopic parents. 
3.2.2 Instrumentation 
Following the screening and classification of participants, each subject 
had measures of retinal and choroidal thickness (derived from OCT images) 
and a range of axial eye dimensions collected during various levels of 
accommodation.  Using OCT to measure retinal and choroidal thickness is 
advantageous as it allows not only reliable measures of foveal retinal and 
subfoveal choroidal thickness, but also provides a thickness profile of the 
retina and choroid across the entire scan length.  Cross-sectional  
chorio-retinal images were obtained with the Heidelberg Spectralis 
(Heidelberg Engineering, Heidelberg, Germany) spectral-domain OCT  
(SD-OCT), which uses a super-luminescent diode with a central wavelength 
of 870 nm to provide images with axial resolution of 3.9 μm and transversal 
resolution of 14 μm.  This instrument also employs a scanning laser 
ophthalmoscope (SLO) to provide en-face retinal images in order to 
automatically track the eye in real-time to allow reliable averaging of OCT  
B-scan images and precise registration of follow-up scans. The Spectralis 
demonstrates excellent repeatability of retinal thickness measures, with a 
reported mean coefficient of variance (COV) of 0.41-0.46% when the 
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instrument’s automatic tracking feature is enabled (Pinilla et al., 2013; Wolf-
Schnurrbusch et al., 2009).  Manual determination of subfoveal choroidal 
thickness measurements have also been found to be highly reliable and 
repeatable, with a COV of 0.23-0.26% and an intraclass correlation 
coefficient of 0.976-0.994 (Matsuo et al., 2013; Yamashita et al., 2012).  
Ocular biometry measurements were obtained using the Lenstar LS900 
(Haag-Streit AG, Koeniz, Switzerland) a non-contact biometer which allows 
for the simultaneous measurement of multiple axial ocular parameters, 
including central corneal thickness (CCT), anterior chamber depth (ACD), 
lens thickness (LT), and axial length (AL).  The Lenstar is based on the 
principle of OLCR, and allows for highly precise ocular biometric 
measurements that compare closely to previously validated instruments such 
as the IOLMaster (Buckhurst, et al., 2009; Cruysberg, et al., 2010; Holzer, et 
al., 2009; Rohrer, et al., 2009).  
A Badal optometer and cold mirror system that could be mounted on 
both the Spectralis SD-OCT and Lenstar biometer was custom built in order 
to allow measurements to be collected from each instrument while an 
external fixation target was viewed with varying accommodative demands.  
The 19 mm cold mirror was mounted in front of the objective lens of both the 
instruments to allow for the minimum 10 mm working distance necessary 
between the instrument and patient, allowing the subject to view an external 
LCD screen target (iPhone 4S) through the Badal system (Figure 3.1).  With 
a range of 13 D, the Badal optometer was used to correct any spherical 
ametropia (best sphere correction for subjects, who all exhibited 1 DC or less 
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of astigmatism) for each individual subject, and to provide a 0, 3 or 6 D 





Figure 3.1. Aerial view of the Badal optometer and cold mirror system which 
was designed to be mounted in front of the objective lens of the Spectralis SD-OCT.  
The subject’s left eye was measured while they viewed a Maltese cross displayed 
on an LCD screen through a cold mirror imaged through a +13 D Badal optometer.  
This allowed for the correction of the subject’s ametropia, and to provide 
accommodation stimuli of 0, 3 and 6 D.  The right eye was occluded for the duration 
of the task.  The same system was also mounted on the Lenstar optical biometer. 
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To examine the effect of the cold mirror on retinal and choroidal 
thickness measurements with the Spectralis, five subjects had their left eye 
measured both with and without the cold mirror in place while looking at the 
instrument’s internal fixation light. The mean foveal retinal thickness of the 
five subjects was 230.4 ± 10 µm without the cold mirror in place, and 230.1 ± 
12 µm with the cold mirror in place, which was not significantly different 
(paired t-test, p = 0.832).  The mean subfoveal choroidal thickness of the five 
subjects was also not significantly different (paired t-test, p = 0.841) with 
(328.1 ± 88 µm) and without (329.2 ± 90 µm) the cold mirror in place.   
There was a significant decrease in the image quality signal given from each 
line scan from an average of 35.9/50 dB for the scans taken without the cold 
mirror, to an average of 34.1/50 dB with the cold mirror  
(paired t-test, p < 0.05).  However because the instrument manual advises 
that a signal score of 25 dB or above is considered to have good quality, this 
result was considered acceptable. 
To test the effect of the cold mirror on the biometry measures from the 
Lenstar, five subjects had their left eye measured both with and without the 
cold mirror in place while looking at the instrument’s internal fixation light.  
None of the biometric parameters automatically derived from the Lenstar 
software changed significantly with the cold mirror in place (paired t-test).  
The mean axial length of the 5 subjects was 24.12 ± 1.14 mm without the 
cold mirror and 24.12 ± 1.14 mm with the cold mirror (p = 1), central corneal 
thickness was 530 ± 31 µm without the cold mirror and 529 ± 34 µm with the 
cold mirror (p = 0.553), anterior chamber depth was 3.19 ± 0.48 mm without 
the cold mirror and 3.16 ± 0.48 mm with the cold mirror (p = 0.208), and lens 
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thickness was 3.76 ± 0.15 mm without the cold mirror, and 3.75 ± 0.16 mm 
with the cold mirror (p = 0.912).  
 
3.2.3 Data collection procedures 
To reduce the potential confounding influence of diurnal variation in 
choroidal thickness (Brown, et al., 2009; Chakraborty, Read, & Collins, 2011) 
and other ocular parameters (Read, Collins, & Iskander, 2008), 
measurement sessions were restricted to a 4 hour window each day 
between 0800-1200 hours.  The order of instrument measurements 
(Spectralis or Lenstar) was also randomised for each subject to eliminate any 
order effects, and data from both the Lenstar and Spectralis were collected 
on the same day.  Prior to any measurements, participants were required to 
watch a movie on an LCD screen (iPhone 4S, Apple Inc., California, USA) 
(screen resolution 326 ppi, screen luminance approximately 20 cd/m2) 
imaged at infinity through the Badal system for  
10 minutes (based on our previous findings that axial length returns to 
baseline levels 10 minutes after task cessation (Woodman, et al., 2011)) to 
wash out any effects of previous near work.  The movie was then paused 
and a 49 x 49 mm, high-contrast Maltese cross target was presented on the 
screen to provide a fixation/accommodative target during measurements.  
Before measurements were commenced, care was taken to ensure the 
instrument’s internal fixation light coincided with the centre of the external 
Maltese cross target.  The subject was instructed to fixate with their left eye 
91 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
on the Maltese cross target adjacent to the instrument’s fixation light and to 
keep it in sharp focus for the duration of the measurement. 
Chorio-retinal measurements were obtained with the Spectralis  
SD-OCT using the enhanced depth imaging (EDI) mode to optimise the 
visualisation of the choroid, by focusing the instrument closer to the posterior 
eye than the standard vitreo-retinal imaging mode (Spaide, et al., 2008).  
Two measurements were taken on the left eye of each subject at each 
accommodation level with a six-line radial scan centred on the fovea with a 
30° scan width averaging 30 B-scans for each line, using the instrument’s 
high resolution scanning protocol (1536 x 496 pixels per B-scan)  
(Figure 3.2).  The Spectralis’ automatic real time eye tracking feature uses 
an infrared beam to constantly track and image the fundus using retinal 
features such as blood vessels to allow precise alignment of averaged  
B-scans which improves scan contrast and fine detail.  The extra-long (“XL”) 
eye length setting was used for all subjects, regardless of axial length to 
allow enough space between the instrument and the subject’s fixating eye for 
the cold mirror (minimum of 10 mm).  The subjects’ right eyes were occluded 
for the duration of the experiment to eliminate the potential confounding 
effects of convergence in the eye being measured.  The initial baseline 
measurement (0 D) was set as the reference scan, and all subsequent scans 
were taken using the Spectralis’ “follow-up” scanning feature. Using retinal 
features on the SLO fundus image as a guide, the Spectralis automatically 
takes follow-up scans from precisely the same retinal location as the 
reference scan, ensuring the scans taken during accommodation were from 
the same location as the baseline measurement. 
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Figure 3.2. The scanning protocol consisted of two six-line radial scans 
centred on the fovea for each accommodation level.  Each line scan was 30° long 
and consisted of 30 averaged B-scans. 
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After the baseline images were obtained, the fixation target was 
reverted back to the movie on the LCD screen, but this time the screen was 
positioned along the Badal system track to provide a 3 D stimulus to 
accommodation.  The subjects continued with this 3 D accommodation 
demand for 10 minutes before the movie was again paused, and the Maltese 
cross fixation target was once again presented and aligned, and two six-line 
radial scans were taken.  The subjects then returned to their movie viewing 
for another 10 minute period with the Badal system imaged at infinity to 
provide a 0 D stimulus to accommodation to wash out any effects of the 
accommodative task on ocular dimensions.  After 10 minutes the LCD 
screen was moved to provide a 6 D stimulus for 10 minutes, and 
measurements were once again taken with the Spectralis OCT following this 
task (Figure 3.3).  The 10 minute duration of the task was chosen based on 
the findings of our first experiment (Chapter 2) which showed the greatest 
choroidal response to accommodation occurred after 10 minutes. 
The same measurement protocol was also performed with the Lenstar with 
the same Badal/cold mirror device (Figure 3.3).  At each accommodation 
demands (0, 3 and 6 D) five biometry measures were taken on the subjects’ 
left eye with the right eye occluded.  Each of the five measurements was 
manually inspected before saving to ensure all the scan peaks (particularly 
those of the anterior and posterior lens capsule) were present before saving, 
and retaken if necessary. 
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Figure 3.3. Summary diagram of the experimental protocol used for both the 
Spectralis SD-OCT and Lenstar ocular biometer. 
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3.2.4 Data analysis 
The ocular biometric data automatically derived by the Lenstar 
instrument at each of the three accommodation demands (0, 3 and 6 D) were 
averaged.  The Lenstar biometer uses an average ocular refractive index for 
calculating axial length, the exact value of which is proprietary information.  
To account for any error induced in the axial length measurements 
associated with the increased optical path length of the accommodating eye, 
each subject’s axial length measures were adjusted based on their individual 
biometric measurements obtained with the Lenstar, by the method previously 
described in Chapter 2. 
Following data collection, the OCT images were exported and analysed 
using custom written software.  Each scan was initially segmented using an 
automated algorithm, segmenting the inner limiting membrane (ILM) and the 
outer surface of the retinal pigmented epithelium (RPE) to determine retinal 
thickness, and the RPE and the inner surface of the chorio-scleral interface 
to determine the choroidal thickness, across the full 30° width of the scan 
(Alonso-Caneiro, Read, & Collins, 2013).  This algorithm used to 
automatically segment the boundaries is reported by the authors to agree 
closely with manual segmentation by an experienced observer (r2 = 0.96), 
with a  mean bias of −2.52 ± 23.22 μm (95% CI 43.92 to −48.98 μm), and no 
obvious association between the mean choroidal thickness and 
measurement error. 
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 One experienced observer, masked to the subjects’ refractive error and 
accommodation level checked the integrity of the automated segmentation of 
the ILM, RPE and chorio-scleral interface, and manually corrected any 
segmentation errors.  Manual correction was performed by selecting a 
number of points extending across the region of segmentation error to which 
the software then automatically fit a smooth function (spline function) along 
this boundary.  A vertical reference line was also manually placed to mark 
the centre of the fovea in each image, defined as the deepest part of the 
foveal pit (Figure 3.4).  The two scans taken at each accommodation level 
were then averaged to provide retinal and choroidal thickness average data 
for the six radial scans at each accommodation demand (0, 3 and 6 D) for 
each subject. 
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Figure 3.4. A. Example of an OCT scan taken with the cold mirror in place.  
The shadow of the cold mirror edge can be seen obscuring the nasal part of the 
retina on the left side of the image.  B. Example of automated segmentation of a line 
scan that did not require any manual correction.  The ILM is marked in red, the RPE 
posterior boundary in green, and the chorio-scleral interface in blue.  C. Example of 
automated segmentation of a line scan that required manual correction.  On the left 
side of the scan it can be seen that the chorio-scleral interface is not correctly 
segmented by the automated algorithm.  D. Manual correction of the chorio-scleral 
interface was achieved by marking a number of points along the correct boundary.  
E.  The resultant corrected segmentation of the line scan.
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To account for the influence of ocular magnification (associated with 
axial length and ocular refraction for each accommodation demand), the 
transverse scale of the scans was adjusted using each subject’s individual 
biometric parameters obtained with the Lenstar.  Firstly, the equivalent power 
of the eye and crystalline lens (Bennett, 1988) were calculated using the 
subject’s ocular refraction, corneal curvature, and ocular dimensions 
obtained with the Lenstar, using a three-surface schematic eye model which 
uses the same refractive indices as the Gullstrand-Emsley schematic eye 
(Coletta & Watson, 2006).  The position of the second nodal point of the eye 
was then calculated using the “step along” method for reduced distances 
(Tunnacliffe & Hirst, 1996) which allowed for the transverse scaling factor to 
be calculated and applied to each scan, using the same approach described 
by Patel and colleagues (Patel, Luo, Wheat, & Harwerth, 2011).  The method 
outlined by Bennett relies on the principle that the form of the crystalline lens 
is governed by a given Q-value, which is a ratio of the anterior lens surface 
power to the equivalent power of the lens, and a value of 0.380 is taken as 
the norm for a wide range of refractive errors (approximately +3 D to −9 D) 
(Royston, Dunne, & Barnes, 1989), based on a number of biometric studies, 
and calculations using the parameters of the Gullstrand-Emsley schematic 
eye.  Garner and Yap (1997) measured the ocular dimensions of a small 
number of subjects of a similar age, and with a similar range of refractive 
errors as our cohort (mean age 21.2 years, SER range +0.50 - −4.25 D) at  
5 different accommodation levels – 0.00, 1.50, 3.50, 5.50 and 8.00 D (Garner 
& Yap, 1997).  A linear regression analysis of the Q-values calculated for 
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each of these accommodation levels enabled us to interpolate Q-values for 
the 3 and 6 D accommodation demands used in our protocol. 
Reliability and repeatability of the segmentation of the choroid and 
retina was assessed by having the masked observer manually segment the 
six lines for 8 randomly selected radial scans, 3 times each.  The average 
within session standard deviation was 3.1 μm for the foveal retinal thickness, 
and 5.3 μm for the subfoveal choroidal thickness.  Intraobserver reliability, 
calculated as an intraclass correlation coefficient (two-way mixed model, 
absolute agreement), was excellent, at 0.999 (95% confidence interval 
0.998-1.00) for the estimate of foveal retinal thickness, and 0.9999  
(95% confidence interval 0.9997-0.9999) for the estimate of subfoveal 
choroidal thickness (Shrout & Fleiss, 1979).  Bland-Altman analysis of the 
two repeated measures taken at each accommodation demand revealed 
excellent agreement between the two measures for the determination of 
foveal retinal and subfoveal choroidal thickness (Bland & Altman, 1995).   
For both parameters, the mean difference was negligible and the standard 
deviation of the difference was equivalent to or smaller than the axial 
resolution of the Spectralis.  A mean difference of −0.5 ± 3.9 μm between the 
two measures of subfoveal choroidal thickness per accommodation demand 
(Figure 3.5A), and −0.3 ± 1.9 μm between the two foveal retinal thickness 
measures per accommodation demand (Figure 3.5B) was observed. 
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Figure 3.5. Repeatability analysis for subfoveal choroidal thickness (A) and 
foveal retinal thickness (B) of the two scans taken at each accommodation level  
(0, 3 and 6 D) which were analysed by a masked observer.  The mean of scan 1 
and scan 2 is plotted against the differences between analyses 1 and 2  
(mean difference and 95% limits of agreement are shown with the dashed lines). 
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To assess the performance of the automatic segmentation method, the 
error between the manually and automatically derived boundaries identified 
for the ILM, RPE and choroidal-scleral interface was calculated across the 
central 5 mm of each scan.  The mean absolute error was 0.3 ± 1 μm for the 
ILM, 0.9 ± 3 μm for the RPE, indicating that the automatic segmentation of 
these two layers rarely needed manual correction, whereas the choroidal-
scleral interface had an absolute error of 16.8 ± 30 μm, indicating that 
manual correction of this boundary was required more often. 
Of the 40 subjects examined, 5 were excluded from analysis of the 
parafoveal choroid and retina.  Two subjects had portions of the image of the 
outer choroidal boundary cut off posteriorly in some scans, two subjects were 
not able to fixate steadily enough to have all 6 scans taken for all conditions, 
and one subject had a large portion of their images obscured by the shadow 
cast on the retina by the cold mirror (Figure 3.4A).  Of the remaining 35 
subjects, the average quality index (QI) of the scans was 33 ± 5 dB.   
Any scan with a QI score of less than 25 dB was repeated to obtain a higher 
quality scan.  The five subjects excluded from parafoveal analyses consisted 
of 4 emmetropes and one myope.  For all other parameters, including foveal 
retinal and subfoveal choroidal thickness, all 40 subjects were included in the 
analysis. 
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3.2.5 Statistical analysis 
The OCT scans were used to derive choroidal and retinal thickness 
maps over a 5 mm diameter centred on the fovea.  Although the scan width 
used by the Spectralis is longer than this, many subjects were missing 
reliable data past this point in some B-scans due to the shadow cast on the 
fundus by the cold mirror (Figure 3.4). 
Prior to statistical analyses, the Kolmogorov-Smirnov test confirmed 
that the data did not depart significantly from a normal distribution  
(all p > 0.05).  A repeated measures analysis of variance (ANOVA) was 
performed to examine the changes in subfoveal choroidal thickness, the 
changes in foveal retinal thickness and changes in ocular biometry (CCT, 
ACD, LT, AL) with 3 and 6 D accommodation demands (within subject factor) 
and to observe any differences between refractive groups (between subject 
factor). The Greenhouse-Geisser correction to the degrees of freedom was 
applied when Mauchly’s test of sphericity indicated significant violations of 
the sphericity assumption.  To analyse the changes in the parafoveal choroid 
and retina, the thickness data for each subject from the central 5 mm 
diameter was divided into 8 meridians: superior, inferior, nasal, temporal, 
superonasal, superotemporal, inferonasal and inferotemporal (Figure 3.6).  
Each of these meridians was further divided by three annuli of diameter 1, 3 
and 5 mm centred on the fovea.  To examine the changes in the parafoveal 
regions with accommodation, a repeated measures ANOVA was performed 
for both the choroidal and retinal parafoveal thickness including the within 
subject factors of accommodation demand (0, 3 and 6 D), meridian (superior, 
103 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
inferior, nasal, temporal, superonasal, superotemporal, inferonasal and 
inferotemporal) and eccentricity (1, 3 or 5 mm annulus); and a between 
subject factor of refractive error group.   
 
 
Figure 3.6. Regions used for the analysis of retinal and choroidal thickness 
measures within a 5 mm diameter centred on the fovea.  Retinal and choroidal 
thickness values were divided into 8 meridians (S – superior, I – inferior, N – nasal, 
T – temporal, SN – superonasal, ST- superotemporal, IN – inferonasal, and  
IT – inferotemporal), and 3 annlui (1 mm, 3 mm and 5 mm diameter) of varying 
eccentricity from the foveal centre.  
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If significant differences were identified in the main ANOVA analyses  
(p < 0.05), post-hoc testing with Bonferroni correction was performed.  
Analysis of covariance (ANCOVA) was also used to find any associations 
between the changes in dimensions of ocular parameters with 
accommodation, using the methods of Bland and Altman for the analysis of 
repeated measures (Bland & Altman, 1995).  Prior to performing the 
ANCOVA the data were checked to ensure homogeneity of regression 
slopes between the dependent variable and covariate. 
 
3.3 Results 
3.3.1 Choroidal thickness 
The subfoveal choroid exhibited a highly significantly decrease in 
thickness during accommodation (p < 0.001).  For all subjects considered 
together (n = 40) at the 3 D accommodation demand, the subfoveal choroid 
thinned by −2 ± 6 μm and at the 6 D demand by −5 ± 7 μm.  Pairwise 
comparisons with Bonferroni correction revealed that only the change at the 
6 D demand was significantly different from baseline (p < 0.001).  The 
myopic subjects on averaged thinned by −1 ± 6 μm at 3 D and −4 ± 8 μm at 
6 D, which was not significantly different to the changes seen in the 
emmetropes at 3 D (−2 ± 7 μm) and 6 D (−5 ± 6 μm) (p = 0.614) (Figure 3.7).  
However, the average baseline subfoveal choroidal thickness was 
significantly thinner in the myopes (303 ± 58 μm) compared to the 
emmetropes (373 ± 77 μm) (p < 0.05) (Figure 3.8). 
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Figure 3.7. Change in subfoveal choroidal thickness (SFChT) (mean ± SEM) 
(μm) from baseline (BL) with accommodation demand (0, 3 and 6 D) in  
myopes (n = 20) and emmetropes (n = 20).
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Figure 3.8. Mean baseline choroidal thickness (μm) maps across the central 5 mm of the macula for all subjects with valid parafoveal 
data (n = 35), myopes (n = 19) and emmetropes (n = 16).  The white dot on each map indicates the position of the thickest mean choroid. 
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For all subjects with valid parafoveal data (n = 35) the mean choroidal 
thickness across the full 5 mm was 318 ± 76 μm (Figure 3.8).  Baseline 
parafoveal choroidal thickness was found to vary significantly with refraction, 
meridian (p < 0.001), and eccentricity (p < 0.001) (Table 3.1).  Pairwise 
comparisons revealed the baseline choroidal thickness in the nasal meridian 
was significantly thinner than every other meridian (p < 0.001), and the 
superior, inferior, temporal, superotemporal and inferotemporal meridians 
were all significantly thicker than the superonasal and inferonasal meridians 
(Table 3.1).  Mean choroidal thickness was found to decrease with 
increasing eccentricity, with a significant difference between the 1 mm and  
3 mm (p < 0.05) annuli, and a highly significant difference between the 5 mm 
and both the 1 and 3 mm annuli (p < 0.001) (Figure 3.8). 
Parafoveal choroidal thickness also exhibited a highly significant within-
subject main effect of accommodation (p < 0.001).  An average thinning of 
−1 ± 12 μm at the 3 D demand, and −5 ± 12 μm at the 6 D demand was 
observed.  Pairwise comparison showed that it was only at the higher 
accommodation demand (6 D) that this change was significantly different 
from baseline values (p < 0.001) (Figure 3.9).  The changes in choroidal 
thickness with accommodation also varied significantly in the different 
considered meridians (p < 0.05) (Figure 3.10).  The largest changes were 
seen in the temporal (−9 ± 12 μm), inferior (−6 ± 8 μm) and inferotemporal 
(−8 ± 8 μm) meridians (p < 0.001) at 6 D; and smaller changes were 
detected in the nasal (−4 ± 9 μm) and superonasal  
(−4 ± 8 μm) meridians (p < 0.05).  Every meridian within the 1 mm annulus 
changed significantly with the 6 D demand, but the temporal, inferior and 
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inferotemporal meridians were the only ones to change significantly across 
the entire 2.5 mm radius.  The thinning in the temporal, inferior and 
inferotemporal meridians with accommodation increased with increasing 
eccentricity.  The interactions between accommodation and meridian (p = 
0.079); and accommodation, meridian and eccentricity  
(p = 0.068) approached significance, but the changes in parafoveal choroidal 
thickness with accommodation were not significantly different between the 
refractive groups (p = 0.352). 
 
 
Figure 3.9. Maps illustrating the mean change in choroidal thickness (μm) with 
accommodation demand (3 and 6 D) from baseline (BL) across the central 5 mm of 
the macula for all subjects with valid parafoveal data (n = 35).  Negative values 
indicate a thinning of the choroid with accommodation.
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Figure 3.10. A. Change in parafoveal choroidal thickness (ChT) (mean ± SEM) 
(μm) from baseline (BL) by meridian at both 3 and 6 D accommodation demands for 
all subjects with valid parafoveal data (n = 35).  The parafoveal choroid is divided 
into 8 meridians (superior (S), inferior (I), nasal (N), temporal (T), superonasal (SN), 
superotemporal (ST), inferonasal (IN), and inferotemporal (IT)).  B. Change in 
parafoveal choroidal thickness (ChT) (mean ± SEM) (μm) from baseline (BL) by 
eccentricity at both 3 and 6 D accommodation demands for all subjects with valid 
parafoveal data (n = 35).   Eccentricity is divided into 3 annuli (1, 3 and 5 mm) 
based on distance from the fovea.
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3.3.2 Retinal thickness 
Foveal retinal thickness was also found to change significantly  
(p < 0.05) with accommodation, with an average thinning of −0.7 ± 2 μm at  
the 3 D accommodation demand (p < 0.05) and −1.0 ± 2 μm at the 6 D 
demand (p < 0.05).  However, effect of refractive group was not statistically 
significant (p = 0.145), and there was no accommodation by refractive group 
interaction (p = 0.189).  Baseline foveal retinal thickness was similar between 
the two refractive groups (myopes 230 ± 15 μm, emmetropes 233 ± 18 μm) 
(p = 0.571).  Baseline parafoveal retinal thickness was found to vary 
significantly with meridian (p < 0.001), eccentricity (p < 0.001), and there was 
a significant meridian by eccentricity interaction (p < 0.001).  There was no 
difference between the two refractive groups in terms of baseline parafoveal 
retinal thickness (p = 0.403). 
Pairwise comparisons revealed the baseline retinal thickness in the 
temporal meridian was significantly thinner than every other meridian  
(p < 0.001), and the superonasal (p < 0.001), nasal (p < 0.001) and superior 
(p < 0.05) meridians were significantly thicker than the other meridians 
(Figure 3.11,Table 3.1).  Mean retinal thickness was thinnest in the central  
1 mm, and thickest in the 3 mm annulus, with highly significant differences 
seen between the 1 mm, 3 mm and 5 mm annuli (p < 0.001).  Each of these 
annuli were highly significantly different in each of the eight meridians  
(p < 0.001) (Figure 3.11). 
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Figure 3.11. Mean baseline retinal thickness (μm) maps across the central 5 mm of the macula for all subjects with valid parafoveal data 
(n = 35), myopes (n = 19) and emmetropes (n = 16).  The white dot on each map indicates the position of the thickest mean retina. 
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For all subjects with complete parafoveal data (n = 35) the mean retinal 
thickness across the full 5 mm was 311 ± 40 μm, with an average thinning of 
−1.0 ± 3 μm at 3 D, and −0.7 ± 3 μm at 6 D.  The change in parafoveal retinal 
thickness with accommodation was found to be significant (p < 0.05), 
although post-hoc testing showed this was only the case with the 3 D 
demand (p < 0.05) (Figure 3.12).  Differences in retinal thickness with 
accommodation were also found to vary depending on eccentricity (p < 
0.001) with significant changes in the 1 mm and 3 mm annuli seen at both 
the 3 D (1 mm = −1.2 ± 3 μm, 3 mm = −1.4 ± 3 μm, p < 0.05) and 6 D 
demands (1 mm = −1.4 ± 4 μm, 3 mm = −1.3 ± 3 μm, p < 0.05).  The change 
in parafoveal retinal thickness in the 5 mm annulus was not significant at 3 D 
(p = 0.169) or 6 D (p = 0.855).  The change in mean parafoveal retinal 
thickness with accommodation did not vary by meridian (p = 0.708) or 
refractive group (p = 0.441), and there was no difference between refractive 
groups in terms of baseline mean retinal thickness (p = 0.403) (Figure 3.13). 
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Figure 3.12. Maps of change in retinal thickness (μm) with accommodation 
demand (3 and 6 D) from baseline (BL) across the central 5 mm of the macular for 
all subjects (n = 35).  Negative values indicate a thinning of the retina with 
accommodation.
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Figure 3.13. A. Change in parafoveal retinal thickness (RT) (mean ± SEM) 
(μm) from baseline (BL) by meridian at both the 3 and 6 D accommodation 
demands for all subjects (n = 35).  The parafoveal retina is divided into 8 meridians 
(superior (S), inferior (I), nasal (N), temporal (T), superonasal (SN), superotemporal 
(ST), inferonasal (IN), and inferotemporal (IT)).  B. Graphical representation of the 
change in parafoveal retinal thickness (RT) (mean ± SEM) (μm) from baseline (BL) 
by eccentricity at both the 3 and 6 D accommodation demands for all subjects  
(n = 35).   Eccentricity is divided into 3 annuli (1, 3 and 5 mm) based on distance 
from the fovea. 
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Table 3.1. 
Baseline parafoveal retinal and choroidal thickness (mean ± SD) averaged by meridian and eccentricity for all subjects (All), emmetropes 
(Emm) and myopes (Myopes).  All values expressed in micrometers (μm). 
 BL Parafoveal ChT (mean ± SD) (μm) BL Parafoveal RT (mean ± SD) (μm) 
 All (n = 35) Emm (n = 16) Myopes (n = 19) All (n = 35) Emm (n = 16) Myopes (n = 19) 
Superior 335 ± 69 372 ± 64 304 ± 57 317 ± 41 319 ± 41 315 ± 41 
Inferior 326 ± 75 364 ± 76 294 ± 57 308 ± 38 309 ± 38 307 ± 39 
Nasal 281 ± 86 314 ± 94 254 ± 67 318 ± 43 321 ± 44 315 ± 42 
Temporal 330 ± 70 364 ± 75 302 ± 53 298 ± 35 301 ± 35 295 ± 34 
Superonasal 307 ± 74 343 ± 77 276 ± 57 319 ± 43 322 ± 43 318 ± 44 
Superotemporal 333 ± 66 367 ± 66 305 ± 52 307 ± 37 310 ± 37 305 ± 37 
Inferonasal 300 ± 75 336 ± 78 269 ± 55 315 ± 41 317 ± 41 313 ± 40 
Inferotemporal 328 ± 73 366 ± 77 296 ± 51 304 ± 37 307 ± 37 303 ± 37 
1 mm Annulus 328 ± 73 366 ± 78 296 ± 50 263 ± 18 266 ± 24 260 ± 21 
3 mm Annulus 322 ± 73 358 ± 76 291 ± 55 348 ± 17 351 ± 15 345 ± 18 
5 mm Annulus 303 ± 79 336 ± 79 275 ± 68 322 ± 19 323 ± 19 322 ± 19 
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3.3.3 Ocular biometry 
Analysis of the ocular biometry data revealed a highly significant  
(p < 0.001) increase in corrected axial length with accommodation, with a 
mean increase of  +5 ± 11 μm for the 3 D demand, and +14 ± 13 μm for the  
6 D demand.  Pairwise comparison with Bonferroni correction revealed that 
the change in axial length was significantly different between baseline and  
3 D and between 3 D and 6 D (p < 0.05), and highly significantly different 
between 0 and 6 D (p < 0.001).  Although the myopes had on average a 
greater increase in axial length of +7 ± 12 μm at 3 D and +15 ± 12 μm at 6 D, 
this was not statistically different from the +3 ± 11 μm and +13 ± 15 μm 
increase in axial length observed in the emmetropes (p = 0.331) (Figure 
3.14).  As expected, the average baseline axial length for the myopes  
(24.89 ± 1 mm) was significantly longer (p < 0.05) than that of the 
emmetropic group (23.62 ± 0.8 mm). 
All subjects exhibited significant shallowing of the anterior chamber and 
thickening of the crystalline lens with accommodation, confirming the 
accommodative response.  Both ACD and LT showed a highly significant 
change with accommodation (p < 0.001) (Table 3.2).  The decrease in ACD 
was highly significant at both 3 D and 6 D accommodation demands, and 
was accompanied by a similar increase in LT at 3 D and 6 D (Figure 3.15).  
Baseline ACD was slightly deeper in the myopes compared with the 
emmetropes, although this difference was not statistically significant  
(p = 0.266), nor was the difference between baseline LT thickness between 
the two groups (p = 0.935).  Central corneal thickness (CCT) was not 
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affected by accommodation (p = 0.238), and did not differ significantly 




Figure 3.14. Change in axial length (AL) (mean ± SEM μm) from baseline (BL) 
with accommodation demand (0, 3 and 6 D) in myopes (n = 20) and emmetropes  
(n = 20).  AL data has been corrected for error induced by accommodation during 
Lenstar measurements. 
118 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
Table 3.2. 
Anterior eye biometric data for all subjects, emmetropes and myopes (mean ± SD).  Central corneal thickness (CCT), anterior chamber depth 
(ACD) and lens thickness (LT) difference values marked with an asterisk (*) indicate a highly significant (p < 0.001) change from baseline (BL).  
CCT values are expressed in micrometers (µm), and ACD and LT values expressed in millimetres (mm). 
 CCT (μm) ACD (mm) LT (mm) 
 BL Δ 3 D Δ 6 D BL Δ 3 D Δ 6 D BL Δ 3 D Δ 6 D 
All Subjects 
(n = 40) 
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Figure 3.15. Change in anterior chamber depth (ACD) and lens thickness (LT) 
(mean ± SEM) (μm) from baseline (BL) with accommodation demand (0, 3 and 6 D) 
in all subjects (n = 40).  The asterisks (*) indicate a highly significant change from 
baseline (p < 0.001). 
The fine focus dial on the Spectralis was used to focus the en-face 
retinal image to compensate for subject’s refraction and accommodation, and 
could be used as a crude measure of the extent of accommodation.  Using 
these values, the average accommodation level was 1.6 ± 0.5 D for the 3 D 
stimulus, and 4 ± 1 D for the 6 D stimulus.  The estimate of accommodation 
measured with the Spectralis’ fine focus was highly significantly positively 
correlated with the change in ACD (p < 0.001, r = 0.781) and highly 
significantly negatively correlated with the change in LT (p < 0.001, r = 
−0.798), confirming that the accommodative response seen during the 
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Lenstar task was consistent with the response seen during the Spectralis’ 
task. 
 
3.3.4 Association between parameters 
ANCOVA was performed to determine if the variation in the measured 
ocular parameters with accommodation were linked, and how strong the 
relationship was between them.  The changes in axial length and subfoveal 
choroidal thickness were found to have a significant weak negative 
relationship (p < 0.05, r2 = 0.114, slope β = −0.155) (Figure 3.16).   
The relationships between the change in axial length and change in foveal 
retinal thickness (p > 0.05, r2 = 0.031, slope β = −0.023) and change in 
subfoveal ChT and change in foveal RT (p > 0.05, r2 = 0.019,  
slope β = 0.038) were not statistically significant.  The change in subfoveal 
choroidal thickness was positively correlated with the change in ACD  
(p < 0.001, r2 = 0.181, slope β = 0.015) and negatively correlated with 
change in LT (p < 0.001, r2 = 0.183, slope β = −0.014), whereas the change 
in axial length was negatively correlated with the change in ACD 
 (p < 0.001, r2 = 0.353, slope β = −0.045) and positively correlated with the 
change in LT (p < 0.001, r2 = 0.354, slope β = 0.044).  Retinal thickness 
change showed the weakest correlation with the anterior eye changes, with a 
positive relationship with ACD (p < 0.05, r2 = 0.139, slope β = 0.004) and a 
negative relationship with LT (p < 0.05, r2 = 0.132, slope β = −0.003). 
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Figure 3.16. Change in axial length (AL) and subfoveal choroidal thickness 
(SFChT) (mean ± SEM μm) from baseline (BL) with accommodation demand  
(0, 3 and 6 D) in all subjects (n = 40).  The asterisks (*) indicate a highly significant 
change from baseline (p < 0.001), and the cross (†) indicates a significant change 
from baseline (p < 0.05). 
 
ANCOVA was also performed on the parafoveal choroidal and retinal 
thickness data.  When considering the change in axial length during 
accommodation with the parafoveal choroidal changes there were significant 
negative correlations between axial length change and the change in the 
inferior meridian (p < 0.05, r2 = 0.102, slope β = −0.477), temporal meridian 
(p < 0.05, r2 = 0.124, slope β = −0.422), inferotemporal meridian (p < 0.05,  
r2 = 0.139, slope β = −0.599), and nasal meridian (p < 0.05, r2 = 0.128,  
slope β = −0.606), and a weaker correlation with the superonasal meridian 
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change (p < 0.05, r2 = 0.058, slope β = −0.392).  When considering the 
changes in choroidal thickness in terms of eccentricity from the fovea, the  
1 mm (p < 0.05, r2 = 0.108, slope β = −0.681), 3 mm (p < 0.05, r2 = 0.11, 
slope β = −0.589), and 5 mm (p < 0.05, r2 = 0.158, slope β = −0.699) annuli 
all showed a significant weak negative correlation with change in axial 
length.   
There were no significant correlations between the changes in any of 
the retinal meridians and the changes in axial length.  When considering the 
changes in retinal thickness in terms of eccentricity from the fovea, only the  
5 mm annulus showed a significant weak positive correlation with axial 
length change (p < 0.05, r2 = 0.084, slope β = 2.057). 
 
3.4 Discussion 
This experiment provides the first evidence using OCT imaging of 
significant choroidal thinning associated with accommodation in young adult 
myopes and emmetropes.  Significant changes were found in both subfoveal 
and parafoveal regions with a similar magnitude observed between the 
myopic and emmetropic subjects.  The changes in choroidal thickness were 
only significantly different from baseline at the highest accommodation 
demand tested (6 D).  A highly significant increase in axial length was also 
observed, which was also greatest at the highest level of accommodation.  
These axial length changes were significantly associated with the changes in 
the subfoveal choroid, but were of a greater magnitude and in the opposite 
123 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
direction, indicating that choroidal thickness changes contribute in part to the 
changes observed in axial length during accommodation.  
In the previous chapter using OLCR, we also reported that a thinning of 
the choroid accompanied increases in axial length in a population of young 
adult myopes and emmetropes both during and after accommodation, which 
returned to baseline levels within 5 minutes of task completion.  The 
magnitude of choroidal thickness change was 38% of the axial length 
change.  The portion of choroidal thickness change contributing to the 
change in axial length in this study using OCT was on average 34%, and a 
weak but significant negative correlation was also seen between choroidal 
thickness change and axial length change.  Despite using different 
techniques to measure subfoveal choroidal thickness, our results in the 
current experiment agreed closely with our results in Chapter 2.   
The changes we reported in axial length during accommodation in Chapter 2 
are slightly larger than those reported in the current study, however 
considering the axial resolution of the instruments used, the changes are 
comparable.  The use of SD-OCT in this study confirms the findings with 
OLCR that the subfoveal choroid thins with accommodation; however the 
use of this imaging method also allows us to examine the regional choroidal 
response to accommodation for the first time.   
The standard deviation of the change in the subfoveal choroid during 
accommodation indicates that there is some between-subject variability in 
the choroidal response to accommodation.  Although the vast majority (93%) 
of the measurements of choroidal change showed either a decrease in 
choroidal thickness or no change during accommodation, a small percentage 
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(7%) of measurements showed an increase in thickness with 
accommodation, by an amount greater than the within-session standard 
deviation of the choroidal thickness measures (5.3 μm).  The choroidal 
thickening observed in this small subset of subjects does not appear to be 
explained by variation in the accommodative response, as there were no 
correlations found between the subfoveal choroidal thickness changes, and 
any of the objective measures of accommodation response.  This raises the 
possibility that a small subset of subjects exhibit a different change in the 
shape of the globe or choroid with accommodation, or that additional external 
physiological or optical factors may have influenced the choroidal response 
in these cases. 
Analysis of the parafoveal choroidal changes revealed that the greatest 
level of thinning with accommodation was found in the temporal meridian, 
followed by the inferotemporal and inferior meridians.  The magnitude of this 
thinning increased with increasing eccentricity from the fovea.  There are a 
range of potential mechanisms involved in the observed changes in the 
choroid with accommodation, and analysis of the parafoveal choroidal 
changes gives some insights into the mechanisms involved.  One possibility 
is that since the tendons of the ciliary muscle insert into the peripheral 
choroid (Tamm, et al., 1991), the force of contraction during accommodation 
mechanically stretches the entire uvea leading to thinning of the choroid.  
This hypothesis is reinforced by recent findings in monkey eyes that were 
electrically stimulated to maximally accommodate that showed a substantial 
anterior movement of the peripheral choroid and retina accompanying the 
inward and forward movement of the ciliary muscle (Croft, et al., 2013).  
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Findings from our study which support this mechanical theory of choroidal 
change include the magnitude of choroidal thinning increasing with greater 
eccentricity from the fovea, so that the more peripheral regions of the choroid 
were thinning more than the choroid within the posterior pole.  However 
these changes were not consistent in all meridians.  It would be expected if 
mechanical stretch was solely responsible for these changes, that the 
concentric inward contraction of the ciliary body would result in increased 
peripheral thinning amongst all 8 meridians, rather than being concentrated 
largely in one quadrant (inferior-temporal) as we found in this study, which 
suggests that mechanical stretch of the choroid is unlikely to be the only 
mechanism at work.  The discrepancy between meridians may be at least 
partly explained however by the nasal-temporal asymmetry of the ciliary 
body, which has been observed in vivo in monkeys (Glasser, Croft, 
Brumback, & Kaufman, 2001), and both in vitro (Aiello, Tran, & Rao, 1992) 
and in vivo (Sheppard & Davies, 2011) in humans.  Sheppard and Davies 
used anterior segment OCT to observe the biometric characteristics of the 
human ciliary body in both the relaxed and accommodating states.  The 
authors found that the temporal ciliary muscle thickness was greater than the 
nasal side at locations 25, 50 and 75% along the length of the muscle, and at 
the position 2 mm posterior to the scleral spur.  The temporal ciliary muscle 
also showed far greater amounts of thinning with accommodation than the 
nasal side, which the authors suggested indicated the likelihood of a stronger 
contractile response in the temporal region.  The presence of the optic nerve 
in the nasal retina may also alter the mechanical effects of ciliary muscle 
contraction in this region. 
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Changes in the autonomic nervous system input to the choroid could 
also potentially underlie the changes observed, since increased 
parasympathetic input to the ciliary body occurs during accommodation.  
Multiple structures within the choroid are innervated by the autonomic 
nervous system, such as the smooth muscle lining the numerous vessels’ 
walls within the choroid and the non-vascular smooth muscle (NVSM) cells 
(Nickla & Wallman, 2010).  The parasympathetic system, which is known to 
stimulate the accommodation response, terminates on the vessels within the 
choroid causing relaxation of the vascular smooth muscle and vasodilation, 
which would increase the blood flow to the choroid.  It is therefore unlikely 
that our observed thinning of the choroid with accommodation results from 
changes in the vascular smooth muscle, as their stimulation by the 
parasympathetic system would presumably lead to an increase in choroidal 
thickness.   
The NVSM cells are a subpopulation of contractile cells within the 
choroid that have been shown to contract in response to increased 
parasympathetic input, resulting in a subsequent thinning of the choroid and 
are therefore more likely to be involved in the changes that we have 
observed with accommodation (Flügel-Koch, et al., 1996; Meriney & Pilar, 
1987; Poukens, et al., 1998).  In human eyes, these cells are most 
concentrated in the suprachoroid and inner sclera, however they are also 
distributed throughout all the choroidal layers, forming a complex  
three-dimensional network within the choroidal stroma, extending to Bruch’s 
membrane (Poukens, et al., 1998).  Although they have been identified in the 
choroids of birds (Wallman, et al., 1995), monkeys (May, 2003) and rabbits 
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(Haddad, Laicine, Tripathi, & Tripathi, 2001), NVSM cells are most numerous 
in species with well-defined foveae such as humans and higher order 
primates (May, 2003).  The NVSM cells in the adult human eye are 
distributed through the choroid and the sclera near the entry point of the long 
posterior ciliary nerves and arteries and parallel to major choroidal vessels, 
however they are most densely concentrated in a plaque 5-10 mm in size 
located in the foveal region of the temporal quadrant of the choroid, 
extending to the temporal portion of the optic nerve (May, 2005).  In the 
populations studied, around half of adult choroids showed a defined plaque-
like NVSM cell network within this region, while others showed almost no 
increase in NVSM cell density within the temporal quadrant.   
The inter-subject variability and foveal location led to the suggestion that this 
subpopulation of cells may play a functional, rather than vascular role, 
stabilising the fovea against movement caused by contraction of the ciliary 
muscle during accommodation (May, 2005).  The elastic fibre network within 
the choroid is continuous with the posterior ciliary muscle tendons anteriorly, 
and as the ciliary muscle contracts the posterior tendons are stretched and 
the three-dimensional architecture of the choroid may be altered (Flügel-
Koch, et al., 1996; Poukens, et al., 1998).  The contraction of the NVSM 
network during accommodation may counteract any forward movement of 
the choroidal elastic net, keeping the fovea in place and maintaining a clear 
image.  Our finding of meridional differences in choroidal thinning with 
accommodation also supports this theory, since the NVSM cells are often 
densest in the temporal quadrant, it follows that the contraction of these and 
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resultant choroidal thinning with accommodation would be most pronounced 
within this area.   
The exact role of the intrinsic choroidal neurons (ICNs) remains 
unknown, however like NVSM cells, they are most numerous in eyes with 
well-developed foveae and accommodation systems (Flügel-Koch, Kaufman, 
& Lütjen-Drecoll, 1994), and their distribution is skewed towards the central-
temporal quadrant of the choroid, with the number and size of cells 
decreasing towards the periphery (Flügel, Tamm, Mayer, & Lütjen-Drecoll, 
1994).  The ICNs are found to be in close contact with the vascular smooth 
muscle cells of the choroid, and are therefore thought to play an important 
role in regulating choroidal blood flow.  A mechanosensory subpopulation of 
ICNs which are in contact with the contractile NVSM cells receive a copy of 
the signal sent to the ciliary body during accommodation, and are 
presumably involved in the modulation of the thickness of the choroid to 
stabilise the foveal position during accommodation (Schrödl et al., 2003). 
Given that both animal (Wallman, et al., 1995; Wildsoet & Wallman, 
1995) and human (Read, Collins, & Sander, 2010) models have shown that 
the choroid can rapidly change its thickness in response to imposed retinal 
defocus, optical influences may be a third possible mechanism for changes 
in choroidal thickness with accommodation.  Studies with the eyes of chicks 
have shown that only 10 minutes of imposed defocus is enough to cause a 
significant change in choroidal thickness, a thinning seen with imposed 
hyperopic defocus, and a thickening seen in response to myopic defocus 
(Zhu, Park, Winnawer, & Wallman, 2005).  Although the data obtained in this 
experiment from the focus dial on the Spectralis instrument was only a very 
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crude method of estimating accommodation level, it appears that our 
subjects did exhibit an accommodative lag, which would effectively cause 
hyperopic defocus on the retina.  It is possible that this imposed hyperopic 
defocus during our 10 minute accommodation tasks may trigger the same 
retinal signalling process seen with animal models, prompting the choroid to 
thin in an attempt to restore the fovea to the image plane and optimise vision.  
However, the relatively asymmetric regional choroidal thinning response with 
accommodation does not appear consistent with the typical optical changes 
that usually accompany accommodation.  Although it is possible that 
changes in non-rotationally symmetric aberrations could result in asymmetric 
choroidal thinning (since animal models exhibit local choroidal responses to 
regionally varying defocus) (Wallman, et al., 1987), the majority of changes 
in ocular higher order aberrations with accommodation are documented to be 
rotationally symmetrical (Atchison, Collins, Wildsoet, Christensen, & 
Waterworth, 1995; Cheng et al., 2004; Collins, Davis, & Atchison, 1999).   
It should be noted though, that since ocular aberrations were not measured 
in our current study, that the exact pattern of defocus experienced by our 
subjects during accommodation is not known. 
It has long been suggested that the choroid plays a role in refractive 
error development, since changes in choroidal thickness appear to precede 
longer term changes in eye length in animals developing refractive errors.  
Although choroidal thickness changes are clearly a part of the cascade of 
events that occur during the development of refractive errors, the exact role 
of the choroid is still unclear.  The choroid may have a direct influence on 
refractive error development, through the secretion of growth factors that act 
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on the sclera (Summers, 2013), or may have an indirect role by acting as a 
barrier to diffusion of growth factors or signalling molecules released from the 
retina (Troilo, et al., 2000).  A thinning of the choroid is a consistent finding 
associated with the development of myopia, suggesting that this ocular 
change represents one of the early ocular signals related to the increased 
ocular growth rate in myopia (Fujiwara, et al., 2009; Ho, et al., 2013; Read, 
Collins, Vincent, & Alonso-Caneiro, 2013).  Our finding of short-term 
choroidal thinning associated with accommodation may therefore have 
implications for human myopia and the role of near work in the development 
of myopia.  In eyes that perform larger amounts of near work the choroid will 
be thinned more frequently and for a greater period of time, which may 
predispose the eye to longer term eye growth changes.  A thinner choroid 
may allow the diffusion of growth factors from the retina more readily, which 
signal changes to trigger scleral remodelling and subsequent longer term eye 
growth.  Given that the subjects we used were young adults and the majority 
of myopes included were stable in their refractive error, future studies 
investigating these choroidal changes in younger, progressing myopes may 
provide greater insight into the role the choroid plays in myopia development 
and progression. 
Foveal and parafoveal retinal thickness thinned significantly with 
accommodation, although the parafoveal changes were restricted to only the 
1 and 3 mm annuli, and there was no meridional variation seen as there was 
with the choroidal thickness change, indicating that the mechanisms 
underlying these changes induced by accommodation were unlikely to be the 
same.  The changes in subfoveal retinal thickness seen with accommodation 
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in this study are small, and although they are significant, they are below the 
axial resolution of the Spectralis instrument.  The changes in thickness were 
greatest and only significant at the 3 D accommodation demand, which 
makes it unlikely that there is a mechanical thinning of the retina in response 
to accommodation, since the response was smaller and insignificant with the  
6 D stimulus.  In our first experiment using optical low coherence 
reflectometry we found no change in foveal retinal thickness with 
accommodation, however this discrepancy is most likely due to the higher 
resolution of the Spectralis compared with the Lenstar optical biometer used 
in Chapter 2.  The parafoveal retinal thinning was restricted to the central  
3 mm of the macula region, with a relative thickening seen in the 5 mm 
annulus.  None of the thinning over the central 3 mm parafoveal retina is 
correlated with the changes in axial length, and only the small thickening in 
the 5 mm annulus was positively correlated with the change in axial length, 
so it is unlikely that the thinning seen in the parafoveal retina with 
accommodation was linked with the changes in axial length.  There is some 
evidence however that spatial distortion (Blank & Enoch, 1973; Enoch, 1975; 
Hollins, 1974) and a change in the Stiles-Crawford effect can accompany 
accommodation (Blank, Provine, & Enoch, 1975; Singh, Atchison, 
Kasthurirangan, & Huanqing, 2009), which implies that a stretching or 
distortion of central retinal elements such as the cone photoreceptors may 
occur.  Our findings of a small thinning of the central retina may therefore 
make some contribution to these previously documented visual distortions 
associated with accommodation. 
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Using OLCR and correcting for any instrumental error induced by 
accommodation, our study also found that axial length significantly increased 
after 10 minutes of accommodation in young adult myopes and emmetropes.  
Greater amounts of elongation were seen with increasing levels of 
accommodation, and although the myopes showed larger changes on 
average, these were not significantly different to those of the emmetropes.  
These findings show general agreement with previously published studies 
(Read, Collins, Woodman, et al., 2010; Woodman, Read, & Collins, 2012; 
Zhong, et al., 2014), which reported increases in axial length with 
accommodation, but no significant differences between the refractive groups; 
and much smaller magnitude of changes when compared to studies which 
did not take into account accommodation induced error with commercial PCI 
instruments (Mallen, et al., 2006; Suzuki, et al., 2003).  The changes in axial 
length were not only significantly negatively correlated with changes in 
subfoveal choroidal thickness, but also with meridional differences in 
parafoveal choroidal thickness.  The meridians showing largest parafoveal 
choroid change, the temporal, inferotemporal and inferior meridians, were all 
significantly negatively correlated with the changes in axial length.  These 
correlations are further supporting evidence that the changes in choroidal 
thickness and axial length in response to accommodation may be mediated 
by the same mechanism, and that the same mechanism that drives the 
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The presence of an appropriate and consistent accommodative 
response to the demands presented in our visual tasks was able to be 
monitored on the Lenstar biometer through measures of anterior chamber 
depth and lens thickness.  However a limitation of the current study is that 
simultaneous measures of accommodation response were not possible 
during the retinal and choroidal thickness measures with the Spectralis.   
To address this issue we used an identical Badal/cold mirror system and 
target for both instruments to provide the same conditions for both sets of 
measurements.  The order of testing with the instruments was also 
randomised to avoid possible order effects biasing the outcomes.  Although 
the exact level of accommodation could not be ascertained from the 
Spectralis data, the monitoring of the position of the focus dial which 
provided a clear focused SLO image of the retina during the measurements 
was used as a crude measure of the accommodation response.   
A highly significant correlation was found between the accommodation 
estimate from the Spectralis image focus dial and the changes seen in the 
anterior chamber depth and lens thickness, indicating that the subjects were 
consistently accommodating when tested using the two instruments.  
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3.5 Conclusions 
We have shown for the first time that significant regional variation in 
choroidal thinning accompanies accommodation in young adult myopes and 
emmetropes, and confirmed our previous finding that subfoveal choroidal 
thinning accounts for approximately a third of the axial elongation observed 
with accommodation.  The regional distribution of parafoveal choroidal 
thinning observed is consistent with the documented distribution of the 
NVSM cells within the uvea, which implicates these cells as the potential 
mechanism by which the choroid thins during accommodation.  Although a 
significant change in retinal thickness was found during accommodation in 
this experiment, these changes were smaller than the resolution of the 
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4 Characterisation of the response of the anterior 
sclera to accommodation in myopes and 
emmetropes 
4.1 Introduction 
The sclera is the tough, fibrous tissue forming the outermost layer of the 
eye that plays a range of protective and supportive functions.  It is also one 
of the principal determinants of the size and shape of the eye.   
The biomechanical properties of the normal sclera allows the eye to respond 
to deformation of the globe associated with a range of internal forces such as 
intraocular pressure and accommodation, and external forces from the 
extraocular muscles or trauma. 
In the anterior region of the globe, the sclera is located adjacent to the 
ciliary body, and the two structures appear to maintain a close anatomical 
and functional relationship through a number of connections.  The ciliary 
body is primarily comprised of vascular, connective and muscular tissue, and 
has 3 major muscle components (longitudinal, circular muscle, and radial 
muscle) that contract during accommodation, drawing the mass of the ciliary 
body inward and forward allowing the lens to become thicker and more 
dioptrically powerful (Ishikawa, 1962).  The longitudinal muscle fibres lie 
adjacent to, and run parallel with the sclera, extending the full length of the 
ciliary body.  These fibres originate posteriorly from within the region of the 
ora serrata where they have tendons contacting the equatorial sclera and 
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choroid, and extend anteriorly with tendons attaching firmly to the scleral 
spur.  The close anatomical relationship between the sclera and ciliary body 
suggest the possibility that forces from the ciliary muscle during 
accommodation could potentially influence the structure of the sclera. 
The strongest structural correlate of myopia is an increased axial 
elongation of the globe, the shape of which is determined by the structural 
characteristics of the sclera (Rada, et al., 2006).  In addition to being longer, 
the myopic eye has been found to exhibit a generalised scleral thinning 
which may be more localised and marked in the posterior pole of high 
myopes (Avetisov, et al., 1983; Elsheikh, et al., 2010; Norman, et al., 2010; 
Vurgese, et al., 2012).  Both the generalised and localised areas of scleral 
thinning are thought to result from a decrease in the synthesis, and an 
increase in the degradation of the collagen fibrils and extracellular matrix 
components.  These biochemical structural changes are also thought to 
decrease the biomechanical strength of the myopic sclera (Avetisov, et al., 
1983). 
Animal research that has induced the development of myopia using 
either form deprivation, or lens induced paradigms, has demonstrated that 
the longer term increase in eye growth associated with myopia occurs due to 
scleral remodelling (Norton, et al., 1994; Troilo & Wallman, 1991; Wallman, 
et al., 1987).  These changes in the sclera associated with myopia are 
thought to primarily involve scleral extracellular matrix remodelling and 
alterations in scleral collagen, resulting in a biomechanically compromised 
sclera that may be more prone to deformation in response to normally 
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encountered forces such as intraocular pressure and accommodation, than a 
non-myopic sclera. 
Because of the apparent link between near work and myopia 
development there have been numerous studies investigating the change in 
ocular parameters with accommodation (Drexler, et al., 1998; Mallen, et al., 
2006; Read, Collins, Woodman, et al., 2010; Suzuki, et al., 2003; Woodman, 
et al., 2012; Woodman, et al., 2011; Zhong, et al., 2014).  In Chapters 2 and 
3 we have detailed how both axial length and choroidal thickness changed 
significantly with accommodation in young adults.  However, no previous 
studies have examined whether changes in the sclera also occur during 
accommodation.  Therefore, in this study we aimed to characterise the 
anterior scleral changes within the 3 mm region posterior to the scleral spur 
associated with accommodation, and examine the relationships between any 
scleral changes and the short term changes in axial length.  Given the 
documented changes in scleral properties with myopia, both myopic and 
emmetropic subjects were examined. 
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4.2 Methods 
4.2.1 Subjects and screening 
The same 40 subjects who were described in Chapter 3 also 
participated in this experiment, with the same exclusion criteria and 
screening tests applied prior to commencing data collection.  Approval from 
the University Human Research Ethics Committee was obtained before 
commencement of the study (QUT Approval Number 1000000184), and all 
subjects gave written informed consent to participate.  All subjects were 
treated in accordance with the tenets of the Declaration of Helsinki. 
Subjects were classified according to their non-cycloplegic subjective 
spherical equivalent refraction (SER) as either myopic (n = 20, SER −0.75 - 
−6.00 D, cylinder ≤ 1 DC; mean SER −2.83 ± 1.50 D) or emmetropic (n = 20, 
SER between −0.25 - +0.75 D, cylinder ≤ 1 DC; mean SER 0.38 ± 0.22 D).  
Both groups were matched as closely as possible in terms of age, gender 
ratio, maximum amplitudes of accommodation, distance and near 
heterophorias, and had similar ethnicity ratios, as described in Chapter 3. 
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4.2.2 Instrumentation 
Each participant had measures of anterior scleral thickness taken 
during 3 different levels of accommodation using the Heidelberg Spectralis 
OCT anterior segment module (Heidelberg Engineering, Heidelberg, 
Germany).  This spectral domain OCT uses a super luminescent diode with a 
central wavelength of 870 nm to obtain high resolution images of the anterior 
segment, and a scanning laser ophthalmoscope (SLO) to provide en-face 
images which are tracked in real time to enable reliable averaging of the 
OCT B-scans.  The Spectralis SD-OCT has a scanning speed of 40,000  
A-scans per second and a digital resolution of 3.9 μm axially and 11 μm 
laterally, although it is limited by a shallow scanning depth of 1.9 mm.  The 
Spectralis instrument’s enhanced depth imaging (EDI) mode can be used to 
provide greater visualisation of deeper anterior eye structures such as the 
sclera (Spaide, et al., 2008).   
A Badal optometer was custom built to be mounted on the Spectralis in 
front of the anterior segment objective lens to allow measurements to be 
collected while an external fixation target provided varying accommodative 
demands, taking into account the instrument’s 12 mm working distance.   
The Badal optometer was mounted at a 42° angle to the measurement axis 
so that the subjects’ temporal sclera could be imaged while the subject 
viewed a target on an external LCD screen (iPhone 4S, Apple Inc., 
California, USA) (Figure 4.1).  With a range of 13 D, the Badal optometer 
was used to correct any spherical ametropia (best sphere correction) for 
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each individual subject, and to provide a 0, 3 or 6 D stimulus to 
accommodation. 
Measures of ocular biometry were also obtained with the Lenstar LS 
900 (Haag-Streit AG, Koeniz, Switzerland) during 0, 3 and 6 D 
accommodation demands, as outlined in Chapter 3.  These measures along 
with the retinal and choroidal thickness measures described in Chapter 3 
were collected on the same measurement day as the scleral measurements, 
with the order of measurements randomised to eliminate order effects.  
These data were used to investigate the relationship between changes in the 
sclera and changes in other ocular dimensions during accommodation. 
 
 
Figure 4.1. Aerial view of the Badal optometer which was mounted in front of 
the anterior segment objective lens of the Spectralis SD-OCT.  The subject’s left 
eye was measured while they viewed a Maltese cross displayed on an LCD screen 
imaged through a +13 D Badal optometer which allowed for the correction of each 
subject’s ametropia, and to provide accommodation stimuli at 0, 3 and 6 D.  The 
right eye was occluded for the duration of the task.
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4.2.3 Data collection procedures 
To reduce the potential confounding influence of diurnal variation in 
ocular parameters, the measurement sessions were restricted to a 4 hour 
window each day between 0800-1200 hours (Brown, et al., 2009; 
Chakraborty, et al., 2011; Read, et al., 2008). Prior to any measurements, 
participants were required to watch a movie on the LCD screen (Apple 
iPhone 4S) (screen resolution 326 ppi) imaged at infinity through the Badal 
system for 10 minutes to “wash out” any effects of previous near work.  For 
the duration of the experiment subjects were required to turn their head 42° 
to their right to view the LCD screen with their left eye through the Badal 
optometer system.  This head angle allowed for the subject’s visual axis to 
be aligned with the centre of the Badal system, while the anterior segment 
OCT was aligned to image the anterior temporal sclera of the left eye.  Since 
no eye movements were required to view the target (only head movement), 
the potential confounding influence of extraocular muscle forces upon the 
anterior sclera was reduced.  Each subject’s right eye was occluded for the 
duration of the experiment to eliminate the potential confounding effects of 
convergence in the eye being measured. 
The angle of head turn was set and monitored throughout the task with 
a smartphone application (AngleFinder, version 1.1, developer Pool Night 
Studios, LLC) which was used on another iPhone device mounted on a 
headband and worn on the subject’s head.  The AngleFinder application is 
designed for use with the iPhone 4 (or later) model, using the inbuilt 
gyroscope that is exclusive to these iPhone models to measure angles, 
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displaying the roll (rotation about the z-axis), pitch (rotation about the x-axis) 
and yaw (rotation about the y-axis) of the device relative to the previous 
orientation (Figure 4.2).  The yaw was monitored to make sure this did not 
vary substantially between measurement sessions, thus ensuring 
consistency in head turn (mean difference in yaw between 0 and 3, and 0 
and 6 D measurements for all subjects was found to be  +1.5 ± 3° and  
+2 ± 3° respectively).  Since the chinrest and forehead strap were likely to 
stabilise the pitch and roll measurements, only the yaw was monitored 
throughout the experiment. 
Following the 10 minute 0 D accommodation task, the movie was 
paused, and the target was switched to the image of a Maltese cross to allow 
steady fixation during the measurements and to control the level of 
accommodation.  The subject was required to fixate the centre of the Maltese 
cross with their left eye and keep it in sharp focus for the duration of the 
measurement. 
Images of the anterior temporal sclera were then obtained using the 
enhanced depth imaging (EDI) mode of the Heidelberg Spectralis anterior 
segment SD-OCT to optimise the image of the sclera, with two 20° x 5° 
volume scans consisting of 21 lines of 30 averaged B-scans taken at each 
accommodation demand, using the instrument’s high resolution scanning 
protocol (1536 x 496 pixels per B-scan) (Figure 4.3).   
The Spectralis’ automatic real-time tracking feature was enabled to 
allow for precise alignment of averaged B-scans to improve scan contrast 
and fine detail.  Since the instrument’s automatic follow-up function (to 
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register repeated measurements to the same location) is not available during 
anterior segment imaging, care was taken to position the volume scan in 
approximately the same vertical and horizontal location on the anterior eye 
for all repeated measurements.  The vertical position of the bright corneal 
reflection in the en-face image with respect to the central scan, and the 
horizontal position of the scleral spur in the OCT cross-sectional image were 
used to guide this process (Figure 4.4). Custom written software was used 
later in the analysis to provide an accurate alignment of OCT images 
between the measurement conditions. 
After the baseline (0 D) images were obtained, the fixation target was 
switched off and the movie was again started on the LCD screen, but this 
time the screen was positioned to provide a 3 D accommodation stimulus.  
The subjects continued this 3 D accommodation task for 10 minutes before 
the movie was again paused, the Maltese cross fixation target presented, 
and two more 21-line volume scans were taken.  The subjects then returned 
to their movie viewing for another 10 minute period with the Badal system 
imaged at infinity to provide a 0 D stimulus to accommodation to wash out 
any effects of the accommodative task on ocular dimensions.   
After 10 minutes the LCD screen was moved to provide a 6 D stimulus for  
10 minutes, and measurements were once again taken with the Spectralis 
OCT at the end of the 10 minutes, while the subject fixated on the Maltese 
cross target. 
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Figure 4.2. A screen shot of the AngleFinder application, which was run on an 
iPhone 4S and mounted on an elasticised headband which was worn by the 
subjects to track their head angles, allowing continuous monitoring of the yaw of the 
head turn.  
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Figure 4.3. A. En-face image showing the scanning protocol for obtaining scleral images with the Spectralis Anterior Segment OCT.   
A 20° x 5° volume scan with 21 lines of 30 averaged B-scans was used to obtain images of the anterior temporal sclera utilising the 
instrument’s enhanced depth imaging (EDI) technique.  B. An averaged B-scan image from the Spectralis Anterior Segment OCT. 
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Figure 4.4. A screen capture of the Heidelberg Spectralis Anterior Segment 
Module graphical user interface during image acquisition.  A. The scanning protocol 
(20° x 5° volume scan with 21 lines of 30 averaged B-scans) used to obtain images 
of the anterior temporal sclera utilising the instrument’s EDI technique, overlying the 
SLO image of the anterior eye.  Care was taken to align the central line scan  
(solid blue line) of the 21 line raster with the bottom of the bright reflection from the 
temporal limbus to provide consistency in vertical scan placement between 
measurements.  B.  The live OCT image with the scleral spur positioned to align 
with the anterior-most border (left vertical blue line) of the “zoomed area” to ensure 
consistency of horizontal scan placement, for an optimised image of the sclera, and 
to maximise the area of sclera imaged.  C. The “zoomed area” which was a 5 mm 
close up view of the area of interest within the live OCT image. 
147 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
4.2.4 Data Analysis 
The SLO en-face and OCT images obtained with the Spectralis OCT 
were exported and analysed using custom written software.  Firstly, the  
en-face SLO images were analysed to ensure that OCT scans from the 
same anterior eye location were being compared for each experimental 
condition (ie. accommodation demand).  The amount of translation and 
rotation necessary to align the en-face images acquired at each 
accommodation demand with the baseline en-face image was determined.  
This allowed the scleral thickness measurements within the OCT volume 
scan to be registered to the same anatomical location of the anterior eye in 
each set of measurements.  This was achieved by selecting three points 
(e.g. blood vessel bifurcations or intersections) in the en-face images 
representing common features between the baseline and subsequent scans 
obtained at different accommodation demands. This allowed the custom 
written software to derive horizontal and vertical translation and rotation of 
the scans with respect to the baseline scans (Figure 4.5). 
The better quality baseline measurement of the two taken at 0 D was 
chosen and the image at each accommodation demand showing the least 
rotation with respect to this image was chosen for further analysis.   
Any scans with excessive rotation (> 2.9°, which corresponds to rotation that 
would extend beyond two adjacent scan lines) were excluded to reduce the 
potential confounding influence of large amounts of data interpolation upon 
the thickness measurements.  One volume scan with acceptable alignment 
at each accommodation demand (0, 3 and 6 D) was required for the subjects 
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to be included in the analysis (Figure 4.6).  The average absolute rotation 
required for these scans was 0.15 ± 1° for all subjects and all conditions. 
Once the rotational and translational alignment between the baseline 
en-face image and subsequent scans was determined, the scan line 
corresponding to the position of the central scan line of the baseline (0 D) 
scan was identified in the 3 D and 6 D scans.  The central scans and the two 
consecutive scans either side of this in the baseline scan (and the 
corresponding scan lines in the 3 D and 6 D scans) were then analysed to 
segment the posterior scleral boundary, the anterior scleral boundary and 
anterior conjunctival boundary in each scan (Figure 4.7).   Each scan was 
initially segmented using an automated method which segmented the 
anterior conjunctival surface and the posterior scleral surface (Figure 4.7A).  
One experienced observer, masked to the subjects’ refractive error and 
accommodation level was then required to check the integrity of the 
automated segmentation of the anterior conjunctiva and posterior sclera, and 
to manually correct any segmentation errors (Figure 4.7B) 
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Figure 4.5. A screen capture of the custom software used to rotationally and translationally align the scleral en-face images to ensure that 
comparisons in scleral and total anterior wall thickness between accommodation demands were occurring at the same anatomical locations.  
Using anatomical landmarks such as blood vessel crossings as a guide, three common points were marked in the baseline and subsequent 
scans to determine the amount of translation and rotation required in order to align the subsequent scan with the baseline image. 
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Figure 4.6. A. Example of good alignment among a subject’s 6 SLO en-face 
images (all scans minimally rotated, less than 1 vertical line distance of rotation 
(2.9°) between scans).  The 21 green scan lines indicate the location of the baseline 
scan, and the one red, two yellow, and two pink lines represent the central scan 
placement of the follow up 0 D, two 3 D and two 6 D scans respectively.   
B.  Example of a subject with poorly aligning SLO en-face images, with large 
amounts of rotation, exceeding 1 vertical line distance of rotation (2.9°) between 
scans.  Such scans were excluded from further analysis 
 
Manual correction was performed by selecting a number of points along 
the erroneously segmented section to which the software then fit a smooth 
spline function (Figure 4.7C).  The masked observer then manually 
segmented the boundary between the anterior sclera and episclera, which 
was identified based upon the position of the episcleral blood vessels in the 
scan.  This was performed manually, as the automated method proved 
unable to detect this boundary reliably.  A vertical reference line was also 
manually placed to mark the position of the scleral spur in each OCT image, 
which was defined as the end point of the curved interface between the 
ciliary body and the sclera/trabecular meshwork, appearing as an inward 
protrusion of the sclera (Figure 4.7D) (Day et al., 2013; Sakata et al., 2008). 
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The data obtained via the segmentation of the 5 central scan lines in 
each measurement were then used to derive a thickness volume map of both 
the temporal total anterior wall thickness (from the anterior conjunctiva to the 
posterior sclera) and the scleral thickness (from the anterior sclera to the 
posterior sclera) for each subject at each accommodation demand.   
In calculating these thickness volumes, the Spectralis instrument assumes 
the sclera is homogenous and uses a uniform refractive index.  Any optical 
distortion correction/scaling factor which is applied to the scleral images 
obtained with the Spectralis is proprietary information, however since this 
scaling factor applies to all OCT images taken, and will therefore be 
effectively be the same in the baseline and subsequent images, the 
difference values in scleral thickness between conditions will not be affected.  
Each thickness volume (for 3 D and 6 D) was then rotated using the custom 
written software in order to precisely align/register each thickness volume to 
the baseline (0 D) measurement using the rotational information derived from 
the analysis of the en-face images.  The thickness profile from the central 
line, in each of the final rotated thickness volumes was then extracted and 
analysed, thus ensuring that the thickness profile from each condition was 
from the same anterior eye location (Figure 4.8) 
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Figure 4.7. A. Example of automated segmentation of a line scan that did not 
require manual correction of the anterior conjunctiva (marked in red) or the posterior 
sclera (marked in green).  B. Example of automated segmentation of a line scan 
that required manual correction, particularly the posterior scleral boundary.   
C. Manual correction of the posterior scleral boundary was achieved by marking a 
number of points along the correct boundary to which the software automatically fit 
a smooth function (spline).  D. The resultant corrected segmentation of the manually 
segmented OCT image.  The anterior scleral boundary is marked in blue and the 
red vertical lines mark the position of the scleral spur.  E. Location of the discrete 
points 1, 2 and 3 mm posterior to the scleral spur, where scleral thickness 
measurements were taken.
153 




Figure 4.8. A. Rotational and translational information is gained from the  
en-face images.  B. The scleral and total anterior wall thickness volumes (red 
indicates thicker) of the 3 D and 6 D scans were horizontally and vertically aligned 
to the baseline (0 D) measurement.  C. The scleral and total anterior wall thickness 
volumes of the 3 D and 6 D scans were rotationally aligned with the baseline (0 D) 
measurement.  The thickness profile from the central line of each of the final rotated 
thickness volumes was then extracted and analysed. 
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Using the scleral spur as the reference location, the total wall thickness 
and scleral thickness were averaged at discrete points 1, 2 and 3 mm 
posterior to the scleral spur (Figure 4.7E).  These discrete locations were 
chosen in order to be consistent with and to allow comparisons to previous 
anterior segment OCT studies examining changes in the ciliary body 
associated with accommodation and refractive error (Buckhurst, et al., 2013; 
Kuchem, et al., 2013; Lewis, et al., 2012; Lossing, Sinnott, Kao, Richdale, & 
Bailey, 2012; Pucker, et al., 2013; Richdale et al., 2013). 
Reliability and repeatability of the manual segmentation of the sclera 
and conjunctiva was assessed by having the experienced observer manually 
segment five lines for five randomly selected raster scans 3 times each.   
The average within session standard deviation for the determination of the 
location of the scleral spur was 2 μm, for the total wall thickness was 5 μm at 
the 1 mm location, 3 μm at the 2 mm location and 5 μm at the 3 mm location; 
and for the scleral thickness was 7 μm at the 1 mm location, 4 μm at the  
2 mm location and 5 μm at the 3 mm location.  Intraobserver variability, 
calculated as an intraclass correlation coefficient (two-way mixed model, 
absolute agreement), was high for all parameters tested, at 0.967  
(95% confidence interval 0.859-0.996) for the location of the scleral spur, 
0.985 (95% confidence interval 0.931-0.998) for scleral thickness at the  
1 mm location, 0.990 (95% confidence interval 0.956-0.999) for scleral 
thickness at the 2 mm location, 0.981 (95% confidence interval 0.834-0.998) 
for scleral thickness at the 3 mm location, 0.997 (95% confidence interval 
0.979-1.000) for total wall thickness at the 1 mm location, 0.999  
(95% confidence interval 0.983-1.000) for the total wall thickness at the  
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2 mm location and 0.996 (95% confidence interval 0.912-1.000) for total wall 
thickness at the 3 mm location (Shrout & Fleiss, 1979). 
Of the 40 subjects examined, 7 were excluded from analysis of the 
anterior segment OCT images (2 myopes and 5 emmetropes).  Five of the  
7 subjects were excluded due to large amounts of rotation/cyclotorsion 
between measurement conditions, meaning that identical regions of the 
sclera were not imaged (Figure 4.6).  One subject was excluded due to 
prominent shadows on the OCT images from their lashes which obscured 
much of the detail in their images, and one subject was excluded because 
they were unable to keep their fixation steady enough to have all their 
measurements taken.  Of the remaining 33 subjects, the average quality 
index (QI) of the scans was 40 ± 2.5 dB out of a possible total score of  
50 dB.  The Spectralis Anterior Segment Module user manual states that any 
image score of 25 dB or above is of good quality.  
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4.2.5 Statistical Analysis 
Prior to analysis using parametric statistics, the Kolmogorov-Smirnov 
test confirmed that the data did not depart significantly from a normal 
distribution (all p > 0.05).  A repeated measures analysis of variance 
(ANOVA) was performed for both the total wall thickness and scleral 
thickness to examine the influence of accommodation demand and 
measurement location (1 mm, 2 mm, 3 mm) on the measurements (both 
within subject factors), and for any differences associated with refractive 
error group (between subject factor).  The Greenhouse-Geisser correction to 
the degrees of freedom was applied in cases where Mauchly’s test indicated 
that the data did not meet assumption of sphericity.  If significant differences 
were identified (p < 0.05), post-hoc testing with Bonferroni correction was 
performed.  Analysis of covariance (ANCOVA) was also performed to identify 
any associations between the changes in total wall or scleral thickness and 
the changes in other measured biometric parameters (e.g. axial length) 
during accommodation using the methods of Bland and Altman for the 
analysis of repeated measures (Bland & Altman, 1995).  Prior to performing 
the ANCOVA, the data was tested to ensure homogeneity of regression 
slopes between the dependent variable and covariate. 
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4.3 Results 
Repeated measures ANOVA revealed highly significant variations in the 
baseline scleral thickness associated with measurement location (p < 0.001), 
with the 3 mm region (543 ± 67 μm) being significantly thicker on average 
than the 1 mm region (512 ± 52 μm) (p < 0.05) and 2 mm region  
(504 ± 60 μm) (p < 0.001).  There was no significant differences between the 
baseline scleral thickness profiles of the two refractive groups (p = 0.809).  
Likewise, the total anterior wall thickness varied significantly with 
measurement location (p < 0.05), although in this case it was the 2 mm 
region (730 ± 87 μm) that was significantly thinner than the 1 mm  
(751 ± 81 μm) (p < 0.05) and 3 mm (752 ± 91 μm) (p < 0.001) regions.  
There were also no refractive group differences in the thickness profile of the 
total anterior wall (p = 0.7). 
When the changes in scleral thickness were examined, the main effects 
of accommodation (p < 0.05) and refractive group (p < 0.05) were significant, 
and there were significant accommodation by refractive group, region by 
refractive group, and accommodation by region interactions (all p < 0.05).  
Pairwise comparisons revealed that accommodation resulted in a significant 
thinning of the sclera with the 6 D demand (mean change −8.3 ± 21 μm,  
p < 0.05), and the thinning seen with the 3 D demand approached 
significance (−6.2 ± 20 μm, p = 0.066).  The accommodation-refractive group 
interaction revealed the scleral thinned to a greater extent in the myopes 
(−12 ± 18 μm, p < 0.05) compared to a slight scleral thickening in the 
emmetropes (+1 ± 20 μm, p > 0.05) to the 3 D stimulus (p < 0.05), although 
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the difference between the groups was not significant with the 6 D stimulus 
(myopes −11 ± 24 μm, emmetropes −5 ± 17 μm) (p = 0.199).  The average 
thinning measured in the sclera of the myopes was significantly different from 
baseline at both 3 and 6 D accommodation demands (p < 0.05), but was not 
different in the emmetropes at either accommodation demand (p > 0.05).  
Examination of the different regions of the sclera (1, 2, 3 mm) demonstrated 
highly significant thinning at the 1 mm location (−13 ± 16 μm) with the 3 D 
demand, and a significant thinning at the 3 mm location (−11 ± 18 μm)  
(p < 0.05) with the 6 D demand.  The accommodation-region-refractive group 
interaction approached significance (p = 0.055), with both the myopes  
(−15 ± 17 μm) and emmetropes (−10 ± 15 μm) thinning at the 1 mm location 
with 3 D, and the myopes additionally also thinning at the 3 mm point with 
the 3 D (−12 ± 21 μm) and 6 D accommodation demands(−19 ± 17 μm).  The 
emmetropes demonstrated an increase their scleral thickness at the 3 mm 
location with the 3 D (+11 ± 15 μm, p < 0.05), but not the 6 D stimulus.  The 
difference in scleral thinning between the myopes and the emmetropes at the 
3 mm location was significant (p = 0.001) at both the 3 and 6 D 
accommodation demands (Figure 4.9). 
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Figure 4.9. A. Change in scleral thickness (mean ± SEM) (μm) from baseline 
(BL) at points 1, 2 and 3 mm posterior to the scleral spur in the myopes (n = 18) and 
emmetropes (n = 15) to the 3 D accommodation stimulus.  Data points marked with 
a cross (†) indicate a significant change from baseline (p < 0.05).   
B. Change in scleral thickness (mean ± SEM) (μm) from baseline (BL) at points 1, 2 
and 3 mm posterior to the scleral spur in the myopes (n = 18) and emmetropes (n = 
15) to the 6 D accommodation stimulus.  Data points marked with an asterisk (*) 
indicate a highly significant change from baseline (p < 0.001).  Negative values 
indicate a thinning of the sclera with accommodation, and positive values indicate a 
scleral thickening. 
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The total anterior wall thickness was also significantly influenced by 
accommodation (p < 0.05), with significant thinning seen at the 6 D demand 
(mean change −6 ± 14 μm) (p < 0.05), and an amount of thinning which 
approached significance at the 3 D demand (mean change −4 ± 14 μm,  
p = 0.088).  There was no significant difference in the change in total wall 
thickness with accommodation between the two refractive groups  
(p = 0.471).  There was however an accommodation by region interaction  
(p < 0.05), with a significant thinning seen at the 1 mm location with the 3 D 
accommodation demand (−8 ± 16 μm) (p < 0.05), and significant thinning 
seen at the 2 mm (−6 ± 12 μm) and 3 mm (−7 ± 14 μm) locations with the  
6 D demand (p < 0.05) (Figure 4.10). 
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Figure 4.10. A. Change in total anterior wall thickness (mean ± SEM) (μm) 
from baseline (BL) at points 1, 2 and 3 mm posterior to the scleral spur in the 
myopes (n = 18) and emmetropes (n = 15) to the 3 D accommodation demand.  B. 
Change in total anterior wall thickness (mean ± SEM) (μm) from baseline (BL) at 
locations 1, 2 and 3 mm posterior to the scleral spur in the myopes (n = 18) and 
emmetropes (n = 15) to the 6 D accommodation demand.  Negative values indicate 
a thinning of the total anterior wall with accommodation, and positive values indicate 
a thickening of the total anterior wall. 
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An ANCOVA was performed to examine the relationship between the 
scleral thickness and the changes in other ocular biometrics with 
accommodation (as measured with the Lenstar LS900) revealed that the 
thinning seen in the sclera at 2 mm was weakly positively correlated with the 
shallowing of the anterior chamber (p = 0.059, r2 = 0.054, slope β = 2.5), and 
weakly negatively correlated with the thickening of the crystalline lens  
(p = 0.079, r2 = 0.047, slope β = −2.427), although both of these associations 
only approached significance (0.1 > p > 0.05).  The changes in the sclera at 
the 3 mm point were however significantly correlated with both anterior 
chamber depth (p < 0.05, r2 = 0.138, slope β = 3.74) and lens thickness  
(p < 0.05, r2 = 0.13, slope β = −3.797).  The scleral change at the 3 mm 
location was also weakly negatively correlated with the change in axial length 
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4.4 Discussion 
In this study we report that a significant thinning of the anterior sclera 
accompanies accommodation.  These changes appeared more prominent in 
the myopic subjects compared to the emmetropes.  The myopic subjects 
exhibited significant thinning to both the 3 and 6 D accommodation stimuli.  
However, the emmetropic subjects demonstrated less change, and their 
overall scleral thickness wasn’t significantly different from baseline with any 
level of accommodation.  There were however significant regional variations 
of the sclera during accommodation, with a significant thinning seen at the 
region 1 mm posterior to the scleral spur in both the myopes and 
emmetropes, and the myopes also showing significant thinning at the region 
3 mm posterior to the scleral spur with increased accommodation levels.  
The similarities between the changes seen in scleral thickness and total 
anterior wall thickness with 3 D and 6 D accommodation demands suggest 
that the changes observed with accommodation appear to be primarily 
confined to the sclera, with minimal change seen in the overlying conjunctiva 
and episclera in the majority of measurement locations. 
The ciliary body is known to move forward and inward during 
accommodation as the ciliary muscle contracts.  Since the longitudinal ciliary 
muscle fibres are firmly attached to the overlying sclera at both the scleral 
spur and ora serata, it is possible that the mechanical force from the ciliary 
muscle could directly or indirectly influence the scleral structure and lead to 
the scleral thickness changes that we observed during accommodation.  
Given the close anatomical relationship between the sclera and the ciliary 
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muscle, studies examining the in vivo regional changes in ciliary muscle 
thickness with accommodation could potentially help to explain the regional 
variations reported in our current study. 
Utilising time-domain anterior segment OCT it has been found that 
during accommodation the ciliary muscle of both children (Lewis, et al., 
2012) and adults (Lossing, et al., 2012; Sheppard & Davies, 2010) 
undergoes an overall shortening, with the anterior portion of the muscle 
thickening and the ciliary body moving forwards and inwards.  As the ciliary 
muscle thickens in the anterior region 1 mm posterior to the scleral spur, the 
posterior ciliary muscle is also found to thin, particularly in the location 3 mm 
posterior to the scleral spur (Lewis, et al., 2012; Lossing, et al., 2012).   
Given that the ciliary body transfers its mass anteriorly during contraction, it 
is possible that the thinning we saw in the most anterior portion of the sclera 
that we examined (1 mm location) to the 3 D demand, is occurring in 
response to the ciliary body movement adjacent to this region of the sclera.  
However, the change in scleral thickness at the 1 mm location did not 
increase in magnitude with the larger accommodation demand, which would 
be expected if mechanical force from the ciliary muscle acting on the sclera 
directly was the only mechanism involved. 
Another possible mechanism by which the anterior sclera may thin 
during accommodation is through the action of a subpopulation of highly 
contractile fibroblast cells in the sclera known as myofibroblasts.  
Myofibroblasts have been identified in the sclera of humans and monkeys 
and are thought to contract in response to external scleral tissue stresses 
(e.g. from eye movements, accommodation and fluctuations in intraocular 
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pressure) to prevent deformation of the surrounding extracellular matrix 
(Poukens, et al., 1998).  These cells are found within the inner sclera of the 
posterior pole (Poukens, et al., 1998) and in the region of the scleral spur of 
human eyes (Tamm, Koch, Mayer, Stefani, & Lütjen-Drecoll, 1995).   
The scleral thinning seen at the 1 mm location with accommodation in both 
the myopes and emmetropes may therefore relate to a contractile response 
from the myofibroblasts within the scleral spur.  As the ciliary body contracts 
during accommodation, it presumably imposes mechanical force upon on the 
sclera overlying the ciliary body region.  The myofibroblasts within the scleral 
spur may then contract in response to these forces and result in a thinning of 
the sclera within this region. 
There are structural differences in the ciliary body of myopic and 
emmetropic eyes, with numerous studies reporting thicker posterior ciliary 
muscles in the eyes of myopes compared to the eyes of emmetropes or 
hyperopes (Bailey, et al., 2008; Kuchem, et al., 2013; Lewis, et al., 2012; 
Muftuoglu, et al., 2009; Oliveira, et al., 2005; Pucker, et al., 2013).   
Most studies report the greatest increase in thickness associated with 
myopia in the region 3 mm posterior to the scleral spur (Lewis, et al., 2012), 
although some studies also report similar thickening at the 2 mm location 
(Bailey, et al., 2008; Buckhurst, et al., 2013; Muftuoglu, et al., 2009; Oliveira, 
et al., 2005; Pucker, et al., 2013), with longer eyes demonstrating thicker 
ciliary muscles.  These findings show some consistencies with the data 
presented in our study.  The greatest changes in scleral thickness with 
accommodation were observed in the myopic subjects and in the region of 
the sclera located 3 mm posterior to the sclera spur, which corresponds to 
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the region of the ciliary body that is reportedly thickest in myopes.  In the 
emmetropic subjects however, their greatest scleral thinning was found in the 
region 1 mm posterior to the scleral spur, which corresponds to the area of 
the ciliary body which is reported to be thickest in emmetropes and 
hyperopes.  It is therefore possible that the scleral thinning we have found 
accompanying accommodation is due to contraction of the ciliary muscle 
adjacent to the sclera, with greater thinning seen in the regions of the sclera 
which correspond to the thickest regions of the ciliary body for that particular 
refractive group. 
Changes to the structural and biomechanical properties of the sclera 
are known to accompany myopia.  Structurally the myopic sclera is thought 
to be generally thinner than non-myopic eyes, and highly myopic eyes 
possess areas of localised ectasia through pronounced scleral thinning at the 
posterior pole (Avetisov, et al., 1983; Elsheikh, et al., 2010; Norman, et al., 
2010; Vurgese, et al., 2012).  In animals with experimentally induced myopia, 
the scleral extracellular matrix is altered in its synthesis, accumulation and 
degradation of collagen and proteoglycans (Gentle, et al., 2003; McBrien, et 
al., 2000; Norton & Rada, 1995; Rada, Nickla, et al., 2000).  Despite these 
reports, the baseline scleral thickness values of our two refractive groups 
used in this study were not significantly different.  This may be due to the fact 
that we were imaging the anterior region of the sclera, whereas scleral 
thinning in myopia development is particularly pronounced at the posterior 
pole.  It is also possible that our myopic subjects did not have sufficient axial 
elongation to produce the marked thinning reported in highly myopic eyes. 
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The disparity in the scleral thinning response with accommodation 
between the refractive groups that we found may reflect the reported change 
in scleral biomechanical properties that accompany myopia.  Investigations 
regarding the biomechanical changes of the sclera in response to myopia 
development in animals have found an increase in the viscoelasticity of the 
sclera of form deprived tree shrews, making these myopic sclerae weaker 
and more extensible, and susceptible to deformation under otherwise normal 
scleral stressors such as intraocular pressure (Phillips, et al., 2000; Siegwart 
& Norton, 1999).  This may explain why scleral thinning was more 
pronounced in the myopes than the emmetropes in this study to both the 3 D 
and 6 D accommodation demands, with the sclera of the myopic eyes being 
more readily deformed under normal accommodative forces.  The regional 
variation in the scleral thinning response suggests that there is potentially a 
regional difference in the biomechanical properties of the anterior sclera, 
which may be related to the thickness differences at each of the locations 
examined. 
The standard deviation of the change in scleral thickness during 
accommodation indicates that there is some between-subject variability in 
the scleral response to accommodation.  Although the majority of the 
measurements at the 1 and 3 mm locations showed either a decrease in 
scleral thickness or no change during accommodation, a small percentage 
(15%) of measurements showed a slight increase in scleral thickness with 
accommodation, by an amount greater than the within session standard 
deviation of the scleral thickness measures.  However, the correlation found 
between the changes in the scleral thickness at the 3 mm location and the 
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anterior chamber and lens thickness during accommodation indicates that 
some of the variability in responses in the 3 mm region is related to the 
magnitude of the accommodation response.  A weak negative correlation 
existed between the change in scleral thickness at the 3 mm location with 
accommodation and the change in axial length with accommodation, so that 
the eyes in which the 3 mm sclera thinned the most, also showed a greater 
increase in axial length with accommodation.  However, the correlation 
between scleral thinning and axial elongation was weak, and only bordering 
on statistical significance, suggesting a trend for the scleral thinning in the 
anterior region to account for a small portion of the increase in axial length 
seen during accommodation.  In Chapters 2 and 3 we found that a small 
proportion of the change in axial length seen during accommodation is 
accounted for by choroidal thinning.  It is therefore likely that the additional 
unaccounted change in axial elongation is due to scleral stretch, from an 
inward movement of the overlying sclera due to the inward movement of the 
contracting ciliary muscle, which forces the globe to elongate in the anterior-
posterior direction to maintain a constant volume.  It is possible that changes 
in the limbal angle at the corneoscleral junction may provide some evidence 
on this hypothesis, but imaging of the entire ciliary muscle ring and limbus 
during accommodation would be necessary to confirm this mechanism, 
which exceeds the capability of current imaging technology. 
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4.5 Conclusions 
We report for the first time, a thinning of the anterior temporal sclera 
during accommodation which was more prominent in young adult myopes.  
Significant regional differences in the scleral response accompanied 
accommodation, with marked thinning seen in the region 3 mm posterior to 
the scleral spur in myopic subjects, which increased with increasing 
accommodation demand.  These regional differences may be explained by 
previously reported regional differences in the ciliary body thickness between 
refractive groups, and regional differences in the contractile response of the 
ciliary muscle during accommodation.  
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5 Variations in the short-term ocular changes during 
accommodation with age and refractive error 
5.1 Introduction 
In the first 3 experimental chapters of this thesis, in addition to the well 
documented changes in the dimensions of the crystalline lens and anterior 
chamber (Bolz, et al., 2007; Ostrin, et al., 2006), accommodation was also 
found to result in small, statistically significant transient changes in axial 
length, choroidal thickness, retinal thickness and anterior scleral thickness in 
the eyes of young adult myopes and emmetropes.  These ocular changes 
with accommodation were examined since there is evidence of an 
association between near work and the development of myopia in young 
populations, and because myopia is known to result in a number of longer 
term structural ocular changes including longer axial lengths (Goss, et al., 
1997; Grosvenor & Scott, 1991; Lam, et al., 1999; Olsen, et al., 2007), 
thinner choroids (Fujiwara, et al., 2009; Ikuno & Tano, 2009; Takahashi, et 
al., 2012; Wei, et al., 2013), and thinner, weaker sclerae (Phillips, et al., 
2000; Siegwart & Norton, 1999).  These short term structural changes 
occurring with accommodation in younger eyes therefore provide a potential 
link between near work and longer term changes in ocular biometrics. 
These changes in axial length, choroidal thickness and scleral 
thickness with accommodation, to date have only been examined in 
populations of young adult subjects.  However, it is well known that a range 
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of changes occur in the structure of the eye with age, which suggests that 
the response of the choroid, sclera and axial length may be different in an 
older population.  In middle age, the eye becomes presbyopic, where 
changes to the ciliary body and lens lead to a progressive decline and 
eventual loss of the ability to accommodate (Atchison, 1995; Gilmartin, 
1995).  The ciliary muscle increases in maximum width throughout life at a 
rate of 3 µm/year, and slowly adopts a more anterior-inward position due to a 
decrease in the length of the anterior ciliary muscle (Pardue & Sivak, 2000; 
Sheppard & Davies, 2011; Strenk, et al., 2006, 2010; Tamm, Tamm, & 
Rohen, 1992).  Although there is some conflicting evidence (Kasthurirangan, 
et al., 2011; Strenk, et al., 2010), the majority of studies show the ciliary 
muscle maintains its contractility well into presbyopia despite its 
morphological changes, suggesting that age related lenticular changes 
(increase in lens thickness and diameter, and changes in the biomechanical 
characteristics of the crystalline lens with age) play a larger role in the 
decline in accommodation with age compared to changes in the ciliary body 
(Croft, Glasser, Heatley, McDonald, Ebbert, Dahl, et al., 2006; Croft, Glasser, 
Heatley, McDonald, Ebbert, Nadkarni, et al., 2006; Glasser & Kaufman, 
1999; Sheppard & Davies, 2011). 
Other ocular structures also exhibit well documented aging changes.  
The sclera continually remodels itself throughout life, which leads to changes 
in its biochemical and biomechanical characteristics with age (Rada, Nickla, 
et al., 2000).  Although there is some disagreement (Avetisov, et al., 1983; 
Vurgese, et al., 2012), most studies report that the sclera becomes thinner, 
stiffer and more rigid with age (Coudrillier et al., 2012; Girard, Suh, Bottlang, 
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Burgoyne, & Downs, 2009; Rada, Achen, Penugonda, Schmidt, & Mount, 
2000) due to thicker collagen fibrils, decreased intra-fibrillar spacing, 
increased aggregation of high molecular weight proteoglycans and increased 
non-enzymatic cross-linking of collagen fibrils (Dunlevy & Rada, 2004; 
Friberg & Lace, 1988; Geraghty, Jones, Rama, Akhtar, & Elsheikh, 2012; 
Girard, et al., 2009; Rada, Achen, et al., 2000).  Numerous recent studies 
using enhanced depth imaging OCT, have also reported that choroidal 
thickness decreases significantly with increasing age (Margolis & Spaide, 
2009; McCourt, et al., 2010; Ouyang, et al., 2011; Wei, et al., 2013).  Some 
studies also report that the choroid undergoes changes in its biomechanical 
properties with age, with a significant decrease in elasticity of the choroid-
Bruch’s membrane complex of approximately 1% per year after the age of 21 
(Ugarte, Hussain, & Marshall, 2006), although others report no correlation 
between choroidal stiffness and age (Friberg & Lace, 1988). 
Given that a range of changes occur in the structure and biomechanical 
properties of the eye with age, in this study we aimed to investigate the 
ocular changes with accommodation occurring in a group of older, pre-
presbyopic emmetropic adults.  The eyes of young adult emmetropes and 
myopes were used as a comparison, to determine how short-term biometric 
changes that occur during accommodation are influenced by refraction and 
ageing. 
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5.2 Methods 
5.2.1 Subjects and screening 
Sixty healthy adult participants were recruited from the staff and 
students of the Queensland University of Technology (QUT) Faculty of 
Health in Brisbane, Australia.  The same screening tests and exclusion 
criteria outlined in Chapters 3 and 4 were applied to these subjects prior to 
commencing data collection.  Approval from the University Human Research 
Ethics Committee was obtained before commencement of the study (QUT 
Approval Number 1000000184), and subjects gave written informed consent 
to participate.  All subjects were treated in accordance with the tenets of the 
Declaration of Helsinki. 
 The 60 subjects were classified according to their age and  
non-cycloplegic subjective spherical equivalent refraction (SER) as either: 
pre-presbyopic emmetropes (aged between 35-40 years, mean age  
38 ± 2 years; SER between 0.00 - +1.00 D, cylinder ≤ 1 DC; mean SER  
0.57 ± 0.29 D, n = 20), young adult emmetropes (aged between 18-25 years, 
mean age 21 ± 1 years; SER between −0.25 - +0.750 D, cylinder ≤ 1 DC; 
mean SER 0.38 ± 0.22 D, n = 20) or young adult myopes (aged between  
18-25, mean age 22 ± 2 years; SER −0.75 – −6.00 D, cylinder ≤ 1 DC; mean 
SER −2.83 ± 1.50 D, n = 20).  The characteristics of the young adult 
emmetropic and myopic groups have already been described in detail 
Chapter 3.  Both of the young adult groups were matched in terms of age, 
gender ratio (each group comprised of 50% female, 50% male), monocular 
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amplitude of accommodation (emmetropes 11 ± 1 D, myopes 11 ± 2 D), and 
distance (emmetropes 0 ± 1 Δ exophoria, myopes 0 ± 1 Δ exophoria) and 
near heterophorias (emmetropes 2 ± 2 Δ exophoria, myopes 1 ± 3 Δ 
exophoria).  The pre-presbyopic emmetropes had an average of 7 ± 1 D of 
accommodative amplitude and had heterophorias with an average of 0 ± 2 Δ 
exophoria in the distance, and 3 ± 4 Δ exophoria at near.  The pre-
presbyopic emmetropes were 60% female and were 95% Caucasian, with 
one Asian participant.  All subjects had monocular visual acuity of logMAR 
0.00 or better (pre-presbyopic emmetropes −0.15 ± 0.1, young adult 
emmetropes −0.15 ± 0.1, young adult myopes −0.1 ± 0.1). 
 
5.2.2 Instrumentation 
Following the screening and classification of participants, subjects had 
measures of scleral, retinal and choroidal thickness (derived from OCT 
images) and a range of axial eye dimensions collected during two different 
accommodative demands (0 and 3 D).  Cross-sectional chorio-retinal images 
were obtained with the Heidelberg Spectralis (Heidelberg Engineering, 
Heidelberg, Germany) spectral-domain OCT (SD-OCT), images of the 
anterior sclera and limbal region were obtained with the Heidelberg 
Spectralis anterior segment OCT, and axial ocular biometry measurements 
were obtained using the Lenstar LS900 (Haag-Streit AG, Koeniz, 
Switzerland).  The instrumentation used in this experiment has previously 
been described in detail in Chapters 3 and 4. 
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5.2.3 Data collection procedures 
To reduce the potential confounding influence of diurnal variation in 
choroidal thickness (Brown, et al., 2009; Chakraborty, et al., 2011) and other 
ocular parameters (Read, et al., 2008), measurement sessions were 
restricted to a 4 hour window each day between 0800-1200 hours, and all 
measurements were taken in the same session on the same day.  The order 
of instrument measurements (posterior segment Spectralis, anterior segment 
Spectralis or Lenstar) was also randomised for each subject to eliminate any 
order effects.  The data collection protocol used in this experiment has been 
outlined in detail in Chapters 3 and 4.  Figure 5.1 provides a summary of 
these data collection procedures.  For the optical biometry, and the anterior 
and posterior segment OCT measures during accommodation, subjects 
viewed an external target (an LCD screen), with accommodative demand of 
either 0 or 3 D through a Badal optometer.  Following 10 minutes of viewing 
a movie through the Badal optometer with 0 D accommodative demand, the 
0 D ocular measures were collected while subjects viewed an external 
Maltese cross target displayed on the LCD screen.  Subjects then continued 
viewing a movie, but with a 3 D accommodative demand for an additional 10 
minutes.  The 3 D measurements were then collected while subjects again 
viewed a Maltese cross target.   Head angle was monitored throughout the 
anterior segment OCT task to ensure it did not vary substantially between 
measurement conditions, thus providing consistency in head turn.  The mean 
difference in yaw between the 0 and 3 D measurements for all subjects in the 
current study was +2.1 ± 3°. 
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Figure 5.1. Summary diagram of the experimental protocol used for both the 
Spectralis SD-OCT and Lenstar ocular biometer.  Note that the order of instrument 
measurements was randomised to avoid any order effects. 
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5.2.4 Data analysis 
For each subject, the average ocular biometry (CCT, ACD, LT and AL), 
subfoveal and parafoveal choroidal and retinal thickness, and the anterior 
temporal scleral and total anterior wall thickness (at 1, 2 and 3 mm from the 
scleral spur) for the 0 D and 3 D accommodation demands were derived 
from the respective instruments. The data analysis procedures used to 
determine each of these parameters are described in detail in Chapters 3 
and 4. 
Of the 60 subjects examined in this study, 7 were excluded from the 
analysis of the parafoveal choroid and retina (2 pre-presbyopic emmetropes, 
4 young adult emmetropes, 1 young adult myope).  Four subjects had their 
image of the outer choroidal boundary cut off posteriorly in some scans, 2 
subjects were not able to fixate steadily enough to have all 6 line scans 
obtained for both conditions, and 1 subject had a large portion of their 
images obscured by the shadow cast on the retina by the cold mirror.  Of the 
53 remaining subjects used in the parafoveal choroidal and retinal thickness 
analysis, the average quality index (QI) of the scans was 34 ± 5 dB.  Eight of 
the 60 subjects were excluded from analysis of the anterior segment OCT 
images (1 pre-presbyopic emmetrope, 5 young adult emmetropes, 2 young 
adult myopes).  Six of the 8 subjects were excluded due to large amounts of 
cyclotorsion between measurement sessions, meaning that identical regions 
of the sclera were not imaged.  The average absolute rotation of the scans of 
the remaining was 0.1 ± 1°.  One subject was excluded due to heavy 
shadowing on the OCT images from their lashes, and 1 subject was 
179 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
excluded because they were unable to keep their fixation steady enough to 
have all their measurements taken.  Of the remaining 52 subjects, the 
average quality index (QI) of the scans was 39 ± 2 dB out of a total score of 
50 dB.  For all other parameters, including foveal retinal and subfoveal 
choroidal thickness, all 60 subjects were included in the analysis. 
 
5.2.5 Statistical analysis 
Prior to performing any parametric statistical analysis the Kolmogorov-
Smirnov test confirmed that the data did not depart significantly from a 
normal distribution.  A repeated measures analysis of variance (ANOVA) was 
performed to examine the changes in subfoveal choroidal thickness, the 
changes in foveal retinal thickness and changes in ocular biometry (CCT, 
ACD, LT, AL) with the 0 and 3 D accommodation demands (within subject 
factor) and to observe any differences between age/refractive groups 
(between subject factor).  The assumption of sphericity was assessed using 
Mauchly’s test, and the Greenhouse-Geisser correction to the degrees of 
freedom was applied if this assumption was not met. 
To analyse the changes in the parafoveal choroid and retina, the 
thickness data for each subject from the central 5 mm diameter was divided 
into 8 meridians: superior, inferior, nasal, temporal, superonasal, 
superotemporal, inferonasal and inferotemporal.  Each of these meridians 
was further divided by three annuli of diameter 1, 3 and 5 mm centred on the 
fovea.  A repeated measures ANOVA was then performed for both the 
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choroidal and retinal parafoveal thickness including the within subject factors 
of accommodation demand (0 and 3 D), meridian (superior, inferior, nasal, 
temporal, superonasal, superotemporal, inferonasal, inferotemporal) and 
eccentricity (1, 3 or 5 mm annulus); and a between subject factor of 
age/refractive group. 
A repeated measures ANOVA was also performed for the total anterior 
wall thickness and scleral thickness to examine the influence of 
accommodation demand (0 and 3 D) and measurement location (1 mm, 2 
mm, 3 mm from the scleral spur) on the measurements (both within subject 
factors), and for any differences between age/refractive groups (between 
subject factor).   
If significant differences were identified in the main ANOVA analyses  
(p < 0.05), post-hoc testing with Bonferroni correction was performed.  
Pearson’s correlations were performed to investigate the associations 
between any of the changes in the ocular parameters measured. 
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5.3 Results 
5.3.1 Ocular biometry 
Repeated measures ANOVA revealed significant differences in 
baseline axial length between the age/refractive groups (p < 0.001), with the 
young adult myopes having a significantly longer baseline axial length  
(24.89 ± 0.92 mm) than both the young adult emmetropes (23.62 ± 0.78 mm, 
p < 0.001) and the pre-presbyopic emmetropes (23.36 ± 0.66 mm, p < 0.001) 
(Table 5.1).  No significant difference was found between the younger and 
older emmetropic groups (p = 0.874).   
When the changes in axial length were examined, significant main 
effects of accommodation (p < 0.05) and age/refractive group (p < 0.05) were 
found, along with a significant accommodation by age/refractive group 
interaction (p < 0.05).  Pairwise comparisons revealed that on average, the 
young adult myopes showed a significantly greater axial length change than 
the pre-presbyopic emmetropes (p < 0.05), although there was no difference 
found between either of the young adult groups (p = 0.492), nor between the 
pre-presbyopic and young adult emmetropic groups (p = 0.606).  The young 
adult myopes were the only group whose axial length change to the 3 D 
demand was significantly different from baseline (+7.44 ± 12 μm, p < 0.05), 
with the change in the young adult emmetropes (+3 ± 11 μm) and pre-
presbyopic emmetropes (−1.1 ± 7 μm) not reaching significance  
(p > 0.05) (Figure 5.2). 
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Figure 5.2. Change in axial length (AL) (mean ± SEM) (μm) from baseline (BL) 
with the 3 D accommodation demand in the pre-presbyopic emmetropes (n = 20), 
young adult emmetropes (n = 20), and young adult myopes (n = 20).  AL data has 
been corrected for error induced by accommodation during Lenstar measurements.  
Data points labelled with a cross (†) indicate a significant (p < 0.05) change from 
baseline. 
 
Baseline anterior chamber depth was also significantly different 
between the age/refractive groups (p < 0.05) with the pre-presbyopic 
emmetropes having a significantly shallower anterior chamber  
(2.94 ± 0.42 mm) than the young adult myopes (3.26 ± 0.31 mm, p < 0.05).  
However, there was no significant difference between the older and younger 
groups of emmetropes (3.18 ± 0.28 mm, p = 0.082), and no significant 
difference between the young adult emmetropes and young adult myopes  
(p = 1)(Table 5.1).  There was also a highly significant difference in baseline 
lens thickness (p < 0.001) between the groups, with the pre-presbyopic 
emmetropes having a significantly thicker lens (3.83 ± 0.25 mm) than both 
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the young adult emmetropic (3.47 ± 0.20 mm, p < 0.001) and young adult 
myopic (3.47 ± 0.20 mm, p < 0.001) groups, which were not significantly 
different to one another (p = 1)(Table 5.1).  When the differences in anterior 
chamber depth and lens thickness during accommodation were examined, 
the main effect of accommodation was found to be highly significant for both 
parameters (p < 0.001), although there were no accommodation by 
age/refractive group interactions noted for either the anterior chamber  
(p = 0.412) or lens thickness (p = 0.336), indicating a similar change in each 
of the parameters with accommodation across the 3 considered groups 
(Figure 5.3). 
Baseline central corneal thickness was not significantly different 
between the groups (p = 0.678) (Table 5.1).  Repeated measures ANOVA 
revealed a significant effect of accommodation (p < 0.05), but no difference 
between the groups, and no accommodation-group interaction (p = 0.508).  
Despite reaching significance, the average change in CCT with 
accommodation for all subjects was very small, at −0.9 ± 2 μm. 
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Figure 5.3. Change in anterior chamber depth (ACD) (mean ± SEM) (mm) and 
change in lens thickness (LT) (mean ± SEM) (mm) from baseline (BL) to the  
3 D accommodation stimulus in the pre-presbyopic emmetropes (n = 20), young 
adult emmetropes (n = 20), and young adult myopes (n = 20).  Data points labelled 
with an asterisk (*) indicate a highly significant change from baseline (p < 0.001). 
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Table 5.1. 
Mean (± SD) biometric data for the pre-presbyopic emmetropes, young adult emmetropes and young adult myopes.  Central corneal thickness 
(CCT), anterior chamber depth (ACD) and lens thickness (LT) difference values marked with an asterisk (*) or cross (†) indicate a highly 
significant (p < 0.001) or significant (p < 0.05) change from baseline (BL), respectively.  CCT values are expressed in micrometers (μm), ACD 
and LT in millimetres (mm), and baseline AL values in mm; whereas change in AL is expressed in μm. 
 CCT (μm) ACD (mm) LT (mm) AL (mm/μm) 
 BL Δ 3 D BL Δ 3 D BL Δ 3 D BL Δ 3 D 
Pre-presbyopic 
emmetropes  
(n = 20) 
549 ±  
29 
+1 ±  
2 
2.94 ± 0.42 
−0.08 ± 
0.06* 









(n = 20) 
544 ±  
29 
+0.5 ±  
2 
3.18 ± 0.28 
−0.10 ± 
0.05* 









(n = 20) 
540 ±  
38 
+1 ±  
3 
3.26 ± 0.31 
−0.08 ± 
0.04* 
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5.3.2 Scleral thickness 
Mean baseline scleral thickness at 1, 2 and 3 mm posterior to the 
scleral spur was not significantly different between the pre-presbyopic 
emmetropes, young adult emmetropes and young adult myopes  
(p = 0.878).  There were however, highly significant differences between the 
regions, with the 3 mm point being significantly thicker (547 ± 71 μm) than 
either the 1 mm (510 ± 51 μm) or 2 mm (505 ± 61 μm) regions (p < 0.001). 
Repeated measures ANOVA revealed no significant main effect of 
accommodation (p = 0.122) on scleral thickness.  However, there was a 
significant interaction between accommodation and age/refractive group  
(p < 0.05), region and age/refractive group (p < 0.05) and accommodation 
by region by age/refractive group interaction (p < 0.05).  Post-hoc testing 
with Bonferroni correction revealed that the young adult myopic subject’s 
sclera changed significantly differently with accommodation compared to 
both the younger and older groups of emmetropes (p < 0.05), and there was 
no difference in the scleral response between the two emmetropic groups  
(p = 1).  The young adult myopes were the only group to show a significant 
overall scleral thinning with accommodation (p < 0.001).  When the group 
differences were examined by region, the young adult myopes showed 
significantly greater scleral thinning at the 3 mm location (−12 ± 21 μm) 
compared to the young adult emmetropes (+11 ± 15 μm) (p < 0.05) and 
significantly greater thinning at the 1 mm location (−15 ± 17 μm) compared 
to the pre-presbyopic emmetropes (+5 ± 25 μm) (p < 0.05).  When the 
change in scleral thickness at each location with accommodation was 
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examined for each group separately, the young adult myopes were found to 
have significant thinning at the 1 mm (−15 ± 16 μm, p < 0.05), 2 mm  
(−9 ± 15 μm, p < 0.05) and 3 mm (−12 ± 21, p < 0.05) location, and the 
young adult emmetropes demonstrated a significant thinning at the 1 mm 
location (−11 ± 15 μm) (p < 0.05) and a significant thickening at the 3 mm 
location (+11 ± 15 μm) (p < 0.05).  The pre-presbyopic emmetropes showed 
no significant change in scleral thickness with accommodation at any of the 
3 locations (p > 0.05) (Figure 5.4). 
 
 
Figure 5.4. Change in scleral thickness (SCL) (mean ± SEM) (µm) from 
baseline (BL) at 1 mm, 2 mm and 3 mm posterior to the scleral spur with the 3 D 
accommodation demand, for the pre-presbyopic emmetropes (n = 19), young adult 
emmetropes (n = 15) and young adult myopes (n = 18).  Scleral thickness changes 
marked with a cross (†) indicate a significant (p < 0.05) change from baseline (BL).  
Negative values indicate the sclera thinned with accommodation, and positive 
values indicate the scleral thickened with accommodation. 
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5.3.3 Total anterior wall thickness 
When the baseline total anterior wall thickness was examined, there 
were no significant differences in thickness between the 3 groups  
(p = 0.597), although there were highly significant regional differences  
(p < 0.001).  Post-hoc testing revealed the 2 mm location to be significantly 
thinner on average than both the 1 mm (p < 0.001) and 3 mm points  
(p < 0.001).  When the changes in total anterior wall thickness were 
examined, there was a significant main effect of accommodation (p < 0.05) 
with a mean thinning of −3 ± 13 μm across all 3 locations, but no effect of 
region (p = 0.214) or group (p = 0.407), and no significant interaction 
between these factors (Figure 5.5). 
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Figure 5.5. Change in total wall thickness (mean ± SEM) (µm) from baseline 
(BL) at 1 mm, 2 mm and 3 mm posterior to the scleral spur with the 3 D 
accommodation demand, for the pre-presbyopic emmetropes (n = 19), young adult 
emmetropes (n = 15) and young adult myopes (n = 18).  Negative values indicate 
the total anterior wall thinned with accommodation, and positive values indicate the 
total anterior wall thickened with accommodation. 
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5.3.4 Choroidal thickness 
Repeated measures ANOVA revealed a significant difference in 
baseline subfoveal choroidal thickness between the age/refractive groups  
(p < 0.05), with the young adult myopes (303 ± 58 μm) demonstrating a 
significantly thinner subfoveal choroid than either the pre-presbyopic 
emmetropes (392 ± 79 µm, p < 0.05) and the young adult emmetropes  
(373 ± 77 µm, p < 0.05).  There was no significant difference in baseline 
subfoveal choroidal thickness between the two emmetropic groups (p = 1) 
(Figure 5.6).  During the accommodation task, the subfoveal choroid thinned 
by −2 ± 7 µm in the young adult emmetropes, −1.5 ± 6 µm in the young adult 
myopes, and remained comparatively stable in the  
pre-presbyopic emmetropes (0 ± 5 µm) (Figure 5.7), however no significant 
main effects of accommodation (p = 0.09) or age/refractive group (p = 0.476) 
were found. 
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Figure 5.6. Mean baseline choroidal thickness (μm) maps across the central 5 mm of the macula for the pre-presbyopic emmetropes  
(n = 18), young adult emmetropes (n = 16) and the young adult myopes (n = 19).  The white dot on each map indicates the position of the 
thickest mean choroid. 
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Figure 5.7. Change in subfoveal choroidal thickness (SFChT) (mean ± SEM) 
(μm) from baseline (BL) with the 3 D accommodation demand in pre-presbyopic 
emmetropes (n = 20), young adult emmetropes (n = 20) and young adult myopes  
(n = 20).  Negative values indicate a thinning of the choroid with accommodation. 
Baseline parafoveal choroidal thickness was found to vary significantly 
with group (p < 0.05), meridian (p < 0.001) and eccentricity (p < 0.001).  
Similar trends were seen to those of baseline subfoveal choroidal thickness, 
with the mean parafoveal choroidal thickness across the full 5 mm being 
significantly thinner (p < 0.05) in the young adult myopes (288 ± 58 μm) 
compared to both the young adult emmetropes (353 ± 78 μm, p < 0.05) and 
pre-presbyopic emmetropes (365 ± 79 μm, p < 0.05).  There was no 
significant difference between the two emmetropic groups (p = 1).   
Pairwise comparisons revealed that the nasal meridian was significantly 
thinner than every other meridian (p < 0.001), and the superior (p < 0.001), 
inferior (p < 0.001), temporal (p < 0.05), superotemporal (p < 0.001) and 
inferotemporal (p < 0.001) meridians were all significantly thicker than the 
inferonasal meridian (Table 5.2, Figure 5.6).  The mean parafoveal choroidal 
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thickness was found to decrease with increasing eccentricity, with highly 
significant differences between the 1, 3 and 5 mm annuli (p < 0.001)  
(Table 5.2).  Repeated measures ANOVA also revealed a highly significant 
interaction between meridian and eccentricity (p < 0.001), with significant 
differences found between all 3 annuli in the nasal, superonasal and 
inferonasal meridians, and a significant difference between the 5 mm 
annulus and the inner two annuli in the temporal and inferotemporal meridian 
(Table 5.2, Figure 5.6). 
When the change in parafoveal choroidal thickness with 
accommodation was examined, the pre-presbyopic emmetropes had a mean 
thickening of the parafoveal choroid during accommodation (+0.4 ± 10 μm) in 
contrast to the two younger groups, with the young adult emmetropes 
thinning on average by −0.2 ± 12 μm and the young adult myopes by  
−2 ± 8 μm (Figure 5.8).  However, repeated measures ANOVA showed no 
significant main effects of accommodation (p = 0.5), meridian (p = 0.376), 
eccentricity (p = 0.83) or group (p = 0.532) in the change in parafoveal 
choroidal thickness, and no significant interactions (all p > 0.05)  
(Figure 5.8 and Figure 5.9). 
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Figure 5.8. Maps of the mean change in parafoveal choroidal thickness (μm) with the 3 D accommodation demand across the central 5 
mm of the macula for the pre-presbyopic emmetropes (n = 18), young adult emmetropes (n = 16) and the young adult myopes (n = 19).  
Negative values indicate a thinning of the choroid with accommodation. 
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Figure 5.9. A. Change in parafoveal choroidal thickness (ChT) (mean ± SEM) 
(μm) from baseline (BL) by meridian in the pre-presbyopic emmetropes (n = 18), 
young adult emmetropes (n = 16) and young adult myopes (n = 19) with the 3 D 
accommodation demand.  The parafoveal choroid is divided into 8 meridians 
(superior (S), inferior (I), nasal (N), temporal (T), superonasal (SN), superotemporal 
(ST), inferonasal (IN), and inferotemporal (IT)).  B. Change in parafoveal choroidal 
thickness (ChT) (mean ± SEM) (μm) from baseline (BL) by eccentricity with the 3 D 
accommodation demand.   Eccentricity is divided into 3 annuli (1, 3 and 5 mm) 
based on distance from the fovea. 
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Table 5.2. 
Mean (± SD) parafoveal choroidal thickness averaged by meridian and eccentricity for the pre-presbyopic emmetropes (n = 18), young adult 
emmetropes (n = 16) and young adult myopes (n = 19).  All values expressed in micrometers (μm). 
 Pre-presbyopic emmetropes  
(n = 18) 
Young adult emmetropes  
(n = 16) 
Young adult myopes  
(n = 19) 
Superior Meridian 387 ± 69 372 ± 64 304 ± 57 
Inferior Meridian 371 ± 81 364 ± 76 294 ± 57 
Nasal Meridian 334 ± 92 314 ± 94 254 ± 67 
Temporal Meridian 360 ± 68 364 ± 75 302 ±53 
Superonasal Meridian 372 ± 81 343 ± 77 276 ± 57 
Superotemporal Meridian 376 ± 67 305 ± 52 367 ± 66 
Inferonasal Meridian 355 ± 89 336 ± 78 269 ± 55 
Inferotemporal Meridian 362 ± 77 366 ± 77 296 ± 51 
1 mm Annulus 383 ± 77 366 ± 78 296 ± 50 
3 mm Annulus 372 ± 76 358 ± 76 291 ± 55 
5 mm Annulus 339 ± 78 336 ± 79 275 ± 68 
197 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
5.3.5 Retinal thickness 
Baseline foveal retinal thickness was 233 ± 18 µm in the young adult 
emmetropes, 230 ± 15 µm in the young adult myopes, and 241 ± 22 µm in 
the pre-presbyopic emmetropes, however there was no significant difference 
between the 3 groups (p = 0.110) (Figure 5.10).  During the accommodation 
task the foveal retinal thickness thinned in the young adult emmetropes and 
young adult myopes on average by −0.9 ± 1 µm and  
−0.4 ± 2 μm respectively, compared to the pre-presbyopes who remained 
comparatively unchanged (0 ± 1 µm) (Figure 5.11).  Repeated measures 
ANOVA revealed a significant effect of accommodation (p < 0.05), but no 
effect of age/refractive group (p = 0.144), and no accommodation by 
age/refractive group interaction.  
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Figure 5.10. Mean baseline retinal thickness (μm) maps across the central 5 mm of the macula for the pre-presbyopic emmetropes  
(n = 18), young adult emmetropes (n = 16) and the young adult myopes (n = 19).  The white dot on each map indicates the position of the 
thickest mean retina. 
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Figure 5.11. Change in foveal retinal thickness (RT) (mean ± SEM) (μm) from 
baseline (BL) with the 3 D accommodation demand in pre-presbyopic emmetropes  
(n = 20), young adult emmetropes (n = 20) and young adult myopes (n = 20). 
 
When the mean parafoveal retinal thickness across the full 5 mm 
macula zone was examined, all 3 groups showed similar baseline retinal 
thickness, with repeated measures ANOVA revealing no significant 
difference between the groups (p = 0.253) (Table 5.3).  Repeated measures 
ANOVA revealed highly significant variations in parafoveal retinal thickness 
by meridian (p < 0.001) and eccentricity (p < 0.001).  Pairwise comparisons 
with Bonferroni correction found that the superior, nasal and superonasal 
retina were all significantly thicker (p < 0.05) than the inferior, temporal, 
superotemporal, inferotemporal and inferonasal meridians  
(Table 5.3, Figure 5.10).  The variations in parafoveal retinal thickness with 
eccentricity were highly significant between all 3 annuli (p < 0.001), with the 
thinnest retinal region in the central 1 mm, and the greatest retinal thickness 
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in the 3 mm region (Table 5.3, Figure 5.10).  Repeated measures ANOVA 
also revealed a highly significant interaction between meridian and 
eccentricity (p < 0.001), and the change in retinal thickness with eccentricity 
(being thinnest centrally and thickest in the 3 mm annulus) was highly 
significant in each meridian (p < 0.001). 
When the differences in parafoveal retinal thickness were examined, 
significant main effects of accommodation (p < 0.001) and eccentricity  
(p < 0.05) were found, in addition to significant interactions between 
accommodation and eccentricity (p < 0.05) and meridian and eccentricity  
(p < 0.05) (Figure 5.12 and Figure 5.13).  However, the change in parafoveal 
retinal thickness with accommodation exhibited no significant difference 
between the age/refractive groups (p = 0.154).  Pairwise comparisons 
revealed that in terms of eccentricity, only the difference in the change of 
parafoveal retinal thickness between the 3 and 5 mm annuli was considered 
significant (p < 0.05).  In terms of accommodation with eccentricity, the 
change in parafoveal retinal thickness in the 1 mm (−0.9 ± 2 μm) and 3 mm 
(−1.2 ± 2 μm) annuli were highly significant (p < 0.001), and the change in 
the 5 mm annulus (−0.4 ± 2 μm) approached significance (p = 0.072).  
Inspection of the pairwise comparisons of the meridian-eccentricity 
interaction showed that although there were some significant differences in 
the annuli of each meridian during accommodation, within each annulus 
there were no significant differences between meridians, indicating that any 
retinal thinning seen with accommodation occurred in a symmetrical manner 
across the parafoveal retinal region (Figure 5.12 and Figure 5.13). 
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Table 5.3. 
Mean (± SD) parafoveal retinal thickness averaged by meridian and eccentricity for the pre-presbyopic emmetropes (n = 18), young adult 
emmetropes (n = 16) and young adult myopes (n = 19).  All values expressed in micrometers (μm). 
 Pre-presbyopic emmetropes  
(n = 18) 
Young adult emmetropes  
(n = 16) 
Young adult myopes  
(n = 19) 
Superior Meridian 320 ± 37 319 ± 41 315 ± 41 
Inferior Meridian 313 ± 34 309 ± 38 307 ±39 
Nasal Meridian 322 ± 40 321 ± 44 315 ± 42 
Temporal Meridian 302 ± 31 301 ± 35 295 ± 34 
Superonasal Meridian 323 ± 39 322 ± 43 318 ± 44 
Superotemporal Meridian 310 ± 34 310 ± 37 305 ± 37 
Inferonasal Meridian 320 ± 37 317 ± 41 313 ± 40 
Inferotemporal Meridian 308 ± 34 303 ± 37 307 ± 37 
1 mm Annulus 273 ± 18 266 ± 24 260 ± 21 
3 mm Annulus 352 ± 13 351 ± 15 345 ± 18 
5 mm Annulus 319 ± 16 323 ± 19 322 ± 19 
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Figure 5.12. Maps of the mean change in retinal thickness (μm) with the 3 D accommodation demand across the central 5 mm of the 
macula for the pre-presbyopic emmetropes (n = 18), young adult emmetropes (n = 16) and the young adult myopes (n = 19).  Negative values 
indicate a thinning of the choroid with accommodation. 
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Figure 5.13. A. Change in parafoveal retinal thickness (RT) (mean ± SEM) 
(μm) from baseline (BL) with the 3 D accommodation demand across the central 5 
mm of the macula for the pre-presbyopic emmetropes (n = 18), young adult 
emmetropes (n = 16) and the young adult myopes (n = 19).  The parafoveal retina is 
divided into 8 meridians (superior (S), inferior (I), nasal (N), temporal (T), 
superonasal (SN), superotemporal (ST), inferonasal (IN), and inferotemporal (IT)).  
B. Change in parafoveal retinal thickness (RT) (mean ± SEM) (μm) from baseline 
(BL) by eccentricity with the 3 D accommodation demand.   Eccentricity is divided 
into 3 annuli (1, 3 and 5 mm) based on distance from the fovea. 
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5.3.6 Correlations between Parameters 
Pearson’s product-moment correlation was used to analyse the 
relationship between ocular parameters.  Subjects’ baseline axial length 
showed a moderate negative correlation with baseline subfoveal choroidal 
thickness (p < 0.05, r = −0.424), and a moderate positive correlation with the 
change in axial length with accommodation (p < 0.001, r = 0.511).  When the 
parafoveal choroidal regions were considered in terms of eccentricity from 
the fovea, baseline axial length was significantly negatively correlated with 
the change in parafoveal choroidal thickness at 5 mm from the fovea  
(p < 0.05, r = −0.354) with accommodation.  
As expected, the change in ACD was highly significantly negatively 
correlated with the change in LT (p < 0.001, r = −0.689).   
Pearson’s correlations also revealed a significant negative correlation 
between the change in scleral thickness at the 1 mm location and the change 
in axial length (p < 0.05, r = −0.275), but no relationship between the change 
in scleral thickness with the change in subfoveal choroidal thickness, retinal 
thickness, anterior chamber depth or lens thickness.   
The fine focus dial on the Spectralis was used to focus the en-face 
retinal image to compensate for subject’s refraction and accommodation, and 
was used as a crude measure of the accommodative response during the 
posterior eye imaging.  Using these values, the average accommodation 
level for all subjects was 1.7 ± 0.5 D for the 3 D stimulus.  The estimate of 
accommodation measured with the Spectralis’ fine focus was significantly 
negatively correlated with the change in anterior chamber depth (p < 0.05,  
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r = −0.206) confirming that the accommodative response seen during the 
Lenstar task was consistent with the response seen during the Spectralis 
task.  The fact that the changes in anterior chamber depth and lens thickness 
during accommodation were not significantly different between the groups, 
and neither were the estimates of accommodation obtained with the 
Spectralis’ fine focus (pre-presbyopic emmetropes 1.8 ± 0.5 D, young adult 
emmetropes 1.7 ± 0.6 D, young adult myopes 1.5 ± 0.5 D, p = 0.079), 
indicates that the 3 groups were exhibiting a similar accommodative 
response. The subject’s estimated amplitude of accommodation was 
significantly negatively correlated with the change in the scleral thickness at 
the point 1 mm posterior to the scleral spur (p < 0.05, r = −0.436), indicating 
that subjects who had the greatest accommodative ability had the greatest 
degree of scleral thinning to a given accommodative demand. 
5.4  Discussion 
The main findings of this study are that young adult myopic eyes 
exhibited significant differences from emmetropic eyes in the changes 
occurring in various ocular dimensions during accommodation, and that 
these differences became more apparent as the emmetropic eye ages.  
During accommodation, the myopic eyes were found to increase significantly 
in their axial length.  In contrast, neither of the emmetropic groups changed 
significantly in their axial length with accommodation, and the 
accommodation induced axial elongation in the young adult myopes was 
significantly greater than that observed in the pre-presbyopic emmetropic 
eyes.  The anterior temporal sclera also thinned significantly with 
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accommodation in the myopes, but not in either of the emmetropic groups.  
Regional variations in the scleral response were also seen between the three 
groups, with the young adult myopes thinning at the 1 mm location compared 
to a thickening in the pre-presbyopic emmetropes, and a thinning in the 
young adult myopes at the 3 mm location compared to a thickening in the 
young adult emmetropes.  Significant associations were found between 
baseline axial length and the change in axial length with accommodation, 
and between baseline axial length and the change in scleral thickness at the 
1 mm location. 
Although changes in axial length with accommodation have been 
widely documented in young adult emmetropic and myopic eyes, to date 
there are no published studies examining how the axial elongation with 
accommodation is affected by age.  Studies of young adults have reported 
some conflicting results regarding differences in the magnitude of change 
between myopic and emmetropic eyes, with one study reporting greater 
changes in emmetropes (Drexler, et al., 1998) and others finding greater 
changes in myopes (Mallen, et al., 2006). However other studies report no 
significant difference between refractive groups during accommodation 
(Read, Collins, Woodman, et al., 2010; Woodman, et al., 2012), but a trend 
for myopic eyes to show a larger magnitude change and or a delay in 
returning to baseline axial length levels post-task (Woodman, et al., 2012; 
Woodman, et al., 2011).  This is in agreement with the results reported in our 
current study, where no significant difference in axial elongation was 
observed between the two age-matched refractive groups (young adult 
emmetropes and myopes), with the changes in axial length being the same 
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order of magnitude as previous studies (Drexler, et al., 1998; Read, Collins, 
Woodman, et al., 2010). 
We have previously suggested (Chapters 2 and 3) that the increase in 
axial length during accommodation may result from ciliary muscle contraction 
decreasing the circumference of the overlying sclera, and subsequently 
elongating the globe.  Given that the eyes of animals developing myopia 
have been shown to possess a weaker, more extensible sclera (Curtin, 1969; 
Phillips, et al., 2000; Phillips & McBrien, 1995; Siegwart & Norton, 1999), the 
force of contraction during accommodation in myopic eyes may be expected 
to lead to greater scleral deformation than emmetropic eyes.  Our results 
show that although the myopes showed a greater magnitude of axial length 
change than both the young adult and pre-presbyopic emmetropes, the 
difference was only significant compared to the older emmetropic group.  
Since the sclera is known to stiffen with age and weaken with myopia 
development, it is possible that biomechanical changes in the sclera are 
responsible for the different response in axial length during accommodation 
between the young adult myopes and pre-presbyopic emmetropes reported 
in this study.  However, there was a highly significant positive correlation 
between baseline axial length and the change in axial length during the 
accommodation task, raising the possibility that a greater increase in axial 
elongation may simply be a consequence of a larger eye and not age related 
changes in the sclera.  We would need to test a cohort of pre-presbyopic 
myopes with longer axial lengths, to investigate this hypothesis further. 
The change in structure and function of the ciliary body with age has 
been thoroughly investigated in an attempt to define the mechanisms 
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underlying the development of presbyopia.  These studies allow 
characterisation of our anterior scleral thickness changes during 
accommodation within the region overlying the ciliary body, with the typical 
changes noted in ciliary body structure and responses with age.  As the 
ciliary muscle ages it becomes gradually thicker, and adopts a slightly 
anterior-inward position (Pardue & Sivak, 2000; Sheppard & Davies, 2011; 
Strenk, et al., 2006, 2010; Tamm, et al., 1992).  The amount of contraction of 
the ciliary muscle per dioptre of accommodation however, has been found to 
remain relatively constant irrespective of age, even as amplitude of 
accommodation decreases (Richdale, et al., 2013).  Despite not losing its 
ability to contract with age, the ability of the ciliary muscle to move anteriorly 
during accommodation appears to reduce with age, with regional changes in 
the ciliary muscle thickness between the relaxed and accommodative states 
being greater in young than presbyopic eyes (Croft, McDonald, et al., 2013; 
Tamm, et al., 1992).  Given the fact that the thickness of the sclera of the 
prepresbyopic emmetropes did not change significantly with accommodation 
in any of the considered regions, it is possible that the loss of anterior ciliary 
body movement with age reduces the deformation forces imposed on the 
adjacent sclera, when compared to younger eyes.  However, if this were the 
case, it would be expected that a significant difference would exist in the 
scleral response between the younger and the older groups of emmetropes, 
which was not observed in our current study. 
The main differences in the scleral response to accommodation appear 
to occur between refractive groups, with the sclera of the myopic eyes 
thinning significantly in all 3 locations examined with accommodation.  
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Regionally, the young adult myopes had a greater extent of scleral thinning 
in the 1 mm location than the pre-presbyopic emmetropes, and at the 3 mm 
location than the young adult emmetropes.  The difference between the two 
younger refractive groups 3 mm posterior to the scleral spur may be due to a 
greater ciliary body thickness within this region in the young adult myopes 
compared to the emmetropes, which has previously been discussed in detail 
in Chapter 4. 
Alternatively the differences which were seen between the groups in 
scleral thinning with accommodation may be due to differences in the 
biomechanical properties of the human sclera occurring with age and 
refractive error.  Most studies report that the sclera becomes thinner, stiffer 
and more rigid with age (Coudrillier, et al., 2012; Girard, et al., 2009; Rada, 
Achen, et al., 2000) due to changes in the proteoglycan content of the scleral 
extracellular matrix, and increased collagen cross-linking (Dunlevy & Rada, 
2004; Friberg & Lace, 1988; Geraghty, et al., 2012; Girard, et al., 2009; 
Rada, Achen, et al., 2000).  Alterations in scleral biomechanics are also 
found associated with myopia development.  The myopic sclera shows 
generalised thinning due to a decrease in the number and thickness of 
collagen fibres within the extracellular matrix.  These structural changes in 
the sclera of myopic eyes are thought to render the myopic sclera to be 
weaker and more extensible, particularly within the region of the posterior 
pole, resulting in areas of localised posterior ectasia and a globe which is 
susceptible to deformation from otherwise normal internal and external 
ocular forces (Curtin, 1969; Phillips, et al., 2000; Phillips & McBrien, 1995).  
The changes in scleral biomechanics associated with ageing and myopia 
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could therefore potentially explain the differences we found in scleral 
thickness change during accommodation, with the weaker and more 
extensible myopic sclera showing the greatest amount of thinning at all 
locations during accommodation, and the older sclera of the pre-presbyopic 
emmetropes showing no significant changes during accommodation.   
A significant negative correlation was found between the change in scleral 
thickness at the 1 mm location and the change in axial length with 
accommodation, indicating that the eyes that showed the greatest anterior 
scleral thinning during accommodation also gave the greatest increase in 
axial length with accommodation.  This indicates that the changes in scleral 
structure during accommodation contributes to the changes in axial length, 
although this association is weak, and therefore variations in additional 
ocular components are also likely to play a role. 
In Chapters 2 and 3 we examined the change in choroidal thickness 
with accommodation and axial elongation, determining that changes in 
subfoveal choroidal thickness accounted for approximately a third of the 
change in axial length during accommodation.  Although there was a small 
amount of thinning seen in the subfoveal choroid in the myopic and young 
adult emmetropic subjects to the 3 D accommodation stimulus in this current 
study, this was not significantly different from baseline, and there was no 
significant relationship found between the changes in axial length and 
changes in subfoveal choroidal thickness.  The pre-presbyopic emmetropes 
showed no average change in subfoveal choroidal thickness with 
accommodation, in a similar manner to their axial length findings.  Unlike the 
marked parafoveal choroidal thickness changes noted with the 6 D 
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accommodation demand in Chapter 3, the parafoveal choroid did not appear 
to change thickness with the 3 D accommodation demand in any of the 
groups within this current study. 
Both the foveal and parafoveal retinal thickness were found to thin 
significantly with accommodation, however the magnitude of these changes 
were very small, and well below the resolution of the Spectralis instrument, 
and no differences in either parameter were seen between groups.   
As discussed in Chapter 3, there is some evidence that spatial distortion 
(Blank & Enoch, 1973; Enoch, 1975; Hollins, 1974) and a change in the 
Stiles-Crawford effect accompany accommodation (Blank, et al., 1975; 
Singh, et al., 2009), which implies a stretching or distortion of central retinal 
components such as the cones may occur, which is supported by our 
findings of a decreased retinal thickness within the central 3 mm of the 
macula. 
Baseline differences in the structure of myopic and emmetropic eyes 
existed in subfoveal and parafoveal thickness, and in axial length.  These 
findings are consistent with previous reports of  differences in choroidal 
thickness with refractive error, with subfoveal choroidal thickness reported to 
decrease by 9-15 µm/D of myopia (Flores-Moreno, et al., 2012; Fujiwara, et 
al., 2009; Shin, et al., 2012; Wei, et al., 2013) or by 28-58 µm/mm increase in 
axial length (Flores-Moreno, et al., 2012; Li, et al., 2011; Ouyang, et al., 
2011; Wei, et al., 2013).  A negative correlation between choroidal thickness 
and age has also been widely reported, with studies reporting the subfoveal 
choroid decreases in thickness by 1.56-4.1 µm/year of age (Margolis & 
Spaide, 2009; McCourt, et al., 2010; Ouyang, et al., 2011; Wei, et al., 2013), 
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and that choroidal volume decreases approximately 7% for every decade of 
life (Barteselli, et al., 2012).  However we found no significant differences in 
the baseline subfoveal or parafoveal choroidal thickness between the older 
and younger emmetropic groups.  Our findings that foveal and parafoveal 
retinal thickness did not vary between groups is consistent with published 
studies that report no changes in the thickness of the retina with age (Adhi, 
Aziz, Muhammad, & Adhi, 2012; Grover, Murthy, Brar, & Chalam, 2009; 
Sabates, Vincent, Koulen, Sabates, & Gallimore, 2011), or low to moderate 
myopia (Kang, et al., 2010; Lim, et al., 2005).  Despite the reports that the 
sclera decreases in thickness with age (Coudrillier, et al., 2012; Girard, et al., 
2009; Rada, Achen, et al., 2000) and myopia development (Avetisov, et al., 
1983; Elsheikh, et al., 2010; Norman, et al., 2010; Vurgese, et al., 2012), we 
did not find any difference in baseline anterior temporal scleral thickness 
between any of the three groups. 
A limitation to the current study may be that the accommodation 
demand used (3 D) was not great enough to elicit significant changes in axial 
length and choroidal thickness between groups, since the data presented in 
Chapter 3 only show significant changes in both parameters with 
accommodation demands that are higher than those used in our current 
study (6 D).  Our accommodation demand was restricted however by the 
decreased accommodative amplitude of our pre-presbyopic subjects (20% of 
subjects had less than 6 D of accommodation remaining).  Secondly, a lack 
of difference seen in the choroidal response with age may also relate to the 
relatively limited range of ages examined in our study.  Future studies into 
the change in choroidal thickness with accommodation with an extended 
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range of ages, including children and adolescents whose eyes are still 
growing, are likely to provide additional insights into the age-related changes 
occurring in this ocular response.  Thirdly, the majority of the myopic group 
used in our study were considered stable in terms of their myopic 
progression.  It is possible that the differences between young adult 
emmetropic and myopic eyes may have been greater if a group of myopes 
whose refractive error was actively progressing were measured.   
It is possible that changes in the crystalline lens refractive index with 
age may have affected our results, since the same average refractive index 
for the crystalline lens was used for both our younger and older age groups 
when correcting for error in axial length, choroidal thickness and retinal 
thickness measurements.  Although there are some inconsistencies in the 
literature regarding the nature of the changes in crystalline lens refractive 
index with age (Kasthurirangan, et al., 2008; Uhlhorn, Borja, Manns, & Parel, 
2008), a recent paper by Charman and Atchison (Charman & Atchison, 
2014) showed with optical modelling that the average axial refractive index of 
the lens exhibits small magnitude increases with increasing age, which may 
lead to an overestimation of axial length in older age groups if not taken into 
account.  However, based on the figures published by Charman and 
Atchison, the difference in average crystalline lens refractive index between 
our younger adult and older adult populations is only approximately 0.0005.  
We estimate that a change in refractive index of this magnitude would result 
in an approximately 1 µm overestimation of axial length change in the pre-
presbyopic subjects. This magnitude of change is therefore unlikely to have 
substantially influenced the outcomes of the current study. 
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5.5 Conclusion 
This study is the first to comprehensively examine the change in axial 
length, choroidal thickness, and scleral thickness during accommodation with 
age and refractive error.  The greatest differences in the structural responses 
occurred between the young adult myopic group and the pre-presbyopic 
emmetropic group, with significant differences in the extent of axial 
elongation and scleral thinning with accommodation.  These differences are 
likely to reflect biomechanical changes in the eye associated with age and 
refractive error or axial length. 
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6 Conclusions 
The work presented in this thesis has characterised the changes 
occurring in multiple ocular parameters in response to accommodation, most 
notably axial length, choroidal thickness, retinal thickness and anterior scleral 
thickness.  Although there is a large body of previous work examining the 
changes in aspects of ocular biometry with accommodation (particularly the 
changes in the crystalline lens thickness and anterior chamber depth (Bolz, 
et al., 2007; Ostrin, et al., 2006)) this project provides the first evidence of 
significant changes in the choroid and anterior sclera with accommodation, 
and also improves our knowledge of the normal time course of change and 
recovery of the axial elongation associated with accommodation.  The major 
rationale underlying these investigations was the documented link between 
near work, educational status and myopia, and the knowledge that myopic 
eyes exhibit a range of structural differences compared to the eyes of 
emmetropes, including longer axial lengths and thinner choroids and sclerae.  
Examining the short-term changes in these structures with accommodation 
therefore helps to provide insights into the mechanisms potentially 
associated with the longer term ocular structural changes occurring with the 
onset and progression of myopia associated with near work. 
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6.1 Summary and main findings 
6.1.1 Axial length and subfoveal choroidal thickness changes 
during and after prolonged accommodation in myopes 
and emmetropes 
In our first experiment, a significant increase in axial length was found 
to occur immediately following the commencement of accommodation, and 
this elongation was sustained for the duration of the 30 minute near work 
task.  Small increases in axial length were still evident in myopic subjects 
following task cessation.  Although there was no significant difference in the 
amount of elongation between myopes and emmetropes observed during 
accommodation, after the task was completed the emmetropes returned 
immediately to their baseline axial length, whereas the change in axial length 
of the myopes’ eyes remained significantly longer than baseline until  
10 minutes after task completion.  The longer time required for the myopes’ 
axial length to return to baseline following the near task indicates that 
although eyes with different refractive error may behave similarly during 
accommodation, myopic eyes appear to take longer to recover from these 
changes.   
These differences in axial elongation between myopes and 
emmetropes following the completion of the near task is consistent with our 
previous work using the IOLMaster (that involved measurements of axial 
length before and after a 30 minute near task) that also found a tendency for 
myopes to exhibit greater axial elongation than emmetropes following a 
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prolonged near task (Woodman, et al., 2011).  It is possible that these 
differences between the refractive error groups in the post-task period reflect 
the previously documented changes in the biomechanical properties of the 
sclera which accompany myopia development, such as thinning (Avetisov, et 
al., 1983; Elsheikh, et al., 2010; Norman, et al., 2010; Vurgese, et al., 2012), 
weakening and increased extensibility (Phillips, et al., 2000; Siegwart & 
Norton, 1999). 
In this experiment, a small magnitude of thinning of the subfoveal 
choroid was also found to occur with accommodation, which was significantly 
negatively correlated with the changes in axial length, and accounted for 
38% of the average change in axial length during accommodation.  This 
choroidal thinning was statistically significant in the myopic subjects only, 
although the emmetropic subject’s choroidal data showed the same trend. 
There are a number of potential mechanisms that could lead to this 
observed choroidal thinning during accommodation.  The choroid and ciliary 
body are continuous at their boundary (Tamm, et al., 1991), and tendons 
from the ciliary muscle insert into the choroid which may allow the 
mechanical force of contraction of the ciliary muscle during accommodation 
to be transmitted to the choroid which could plausibly result in a stretching 
and thinning of the choroidal tissue.  Another possibility is that structures 
within the choroid that receive input from the parasympathetic nervous 
system may also receive a copy of the signal which initiates the 
accommodation response (Nickla & Wallman, 2010).  The vasculature of the 
choroid is innervated by the autonomic system, however it is unlikely that 
vascular changes modulate the observed choroidal change, since the 
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parasympathetic fibres that innervate the choroidal vasculature increase the 
blood flow via vasodilation, and their activation would presumably lead to a 
choroidal thickening.  The nonvascular smooth muscle cells within the 
choroid are also under autonomic control and it has been proposed that 
these cells, through interaction with the intrinsic choroidal neurons, may 
contract in response to increased parasympathetic input during 
accommodation and lead to a thinning of the choroid (Poukens, et al., 1998; 
Wallman, et al., 1995).  A third potential mechanism is through optical 
influences, since evidence exists from both animal (Wallman, et al., 1995; 
Wildsoet & Wallman, 1995) and human research (Chakraborty, et al., 2012, 
2013; Read, Collins, & Sander, 2010) that short periods of imposed defocus 
can lead to changes in choroidal thickness and axial length.  Accommodation 
can result in defocus due to an increased accommodative lag, or changes in 
the levels of higher order aberrations that occur during accommodation 
(Atchison, et al., 1995; Cheng, et al., 2004; Collins, et al., 1999). 
Although statistically significant, the magnitude of change in choroidal 
thickness did not account for all of the magnitude of change in axial length, 
and the correlation with the change in axial length was relatively weak, which 
suggests that other factors such as scleral stretch are also highly likely to 
play a role in the axial elongation during accommodation.  However, since 
choroidal thinning is also a well-documented ocular change that precedes 
changes in overall scleral growth in myopia development (Hung, et al., 2000; 
Wallman, et al., 1995; Wildsoet & Wallman, 1995),  a thinning of the choroid 
with accommodation may prove to play an important role, or provide a sign of 
active growth signals, in refractive error development. 
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The first experiment was limited by the instrumentation used to 
measure the choroidal thickness changes.  These limitations meant that 
choroidal thickness measures were only possible in approximately 62% of 
the subjects, their determination was subjective, and only represented 
choroidal thickness at a single subfoveal location.  These limitations provided 
the catalyst for the second experiment that examined changes in choroidal 
thickness with optical coherence tomography, a method known to provide 
more reliable measurements of the choroid, and also of imaging the entire 
posterior pole, which may potentially give insight into the mechanisms which 
underlie the choroidal change. 
 
6.1.2 Regional changes in the choroid and retina with 
accommodation across the posterior pole of myopes 
and emmetropes 
In the second experiment, a significant choroidal thinning was also 
found with accommodation in young adult myopes and emmetropes using 
the higher resolution and more reliable measurement technique of optical 
coherence tomography (OCT).  Highly significant increases in axial length 
were also found, which were significantly associated with the observed 
changes in the subfoveal choroid, but were of a greater magnitude and in the 
opposite direction, indicating that choroidal thickness changes contribute in 
part to the changes observed in axial length during accommodation.   
The portion of subfoveal choroidal thickness change which contributed to the 
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change in axial length was 34% in Experiment 2, which was similar in 
magnitude to the 38% portion reported for Experiment 1. 
The use of OCT imaging allows the mapping of topographical change in 
choroidal thickness with accommodation across the posterior pole.  This 
analysis revealed significant regional differences in the choroidal response to 
accommodation, with the highest magnitude and most significant level of 
thinning found in the temporal meridian, followed by the inferotemporal, then 
inferior meridians.  The magnitude of this thinning increased at greater 
eccentricities from the fovea. 
These new findings of significant regional differences in choroidal 
thickness change provided us with further insights into the potential 
mechanisms underlying the choroidal change with accommodation.   
Given that the majority of our choroidal thinning was observed in the 
temporal quadrant, we surmised that a mechanism involving only mechanical 
stretching of the choroid from the force of ciliary muscle contraction was 
unlikely.  We expected if mechanical stretch was solely responsible for these 
changes, the concentric inward contraction of the ciliary body would result in 
increased peripheral thinning amongst all 8 meridians, rather than being 
concentrated largely in one quadrant as we found in this study.   
The relatively asymmetric regional choroidal thinning response with 
accommodation also does not appear consistent with the typical optical 
changes that usually accompany accommodation such as a lag of 
accommodation, or the changes in higher-order aberrations with 
accommodation, which are most commonly rotationally symmetric (Atchison, 
et al., 1995; Cheng, et al., 2004; Collins, et al., 1999).  This suggests that a 
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mechanism based solely on a choroidal response to defocus is also unlikely, 
although it should be noted that since ocular aberrations were not measured 
in our current study, that the exact pattern of defocus experienced by our 
subjects during accommodation is not known. 
We previously suggested that increased parasympathetic input to 
choroidal nonvascular smooth muscle (NVSM) cells during accommodation 
was a likely potential cause, since these cells have been shown to contract in 
response to increased parasympathic input and thin the choroid (Flügel-
Koch, et al., 1996; Meriney & Pilar, 1987; Poukens, et al., 1998).  In humans, 
the NVSM cells are asymmetrically distributed within the choroid, being most 
concentrated in a 5-10 mm plaque located in the foveal portion of the 
temporal quadrant of the choroid (May, 2005).  The distribution of these cells 
therefore fits with the regional changes we report in our study, since the 
NVSM cells are often densest in the temporal quadrant, it follows that the 
contraction of these and resultant choroidal thinning with accommodation 
would be most pronounced within this area.  The intrinsic choroidal neurons 
(ICNs), like the NVSM cells, are most numerous in eyes with well-developed 
foveas and accommodation systems (Flügel-Koch, et al., 1994), and their 
distribution is also skewed towards the central-temporal quadrant of the 
choroid (Flügel, et al., 1994).  A mechanosensory subpopulation of ICNs 
which are in contact with the contractile NVSM cells receive a copy of the 
signal sent to the ciliary body during accommodation, and are presumably 
involved in the modulation of the thickness of the choroid to stabilise the 
foveal position during accommodation (Schrödl, et al., 2003). 
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In the second experiment, we also report a significant thinning in the 
foveal and parafoveal retina with accommodation, however these changes 
were very small and below the resolution of the Spectralis OCT instrument.  
A thinning of the retina with accommodation however may support previous 
findings of spatial distortion and changes to the Stiles-Crawford effect during 
accommodation, thought to be due to stretching of the photoreceptors (Blank 
& Enoch, 1973; Blank, et al., 1975; Enoch, 1975; Hollins, 1974; Singh, et al., 
2009). 
 
6.1.3 Characterisation of the response of the anterior sclera 
to accommodation in myopes and emmetropes 
In the first 2 experiments we found that changes in choroidal thickness 
account for approximately a third of the change in axial length that has been 
widely reported with accommodation (Drexler, et al., 1998; Mallen, et al., 
2006; Read, Collins, Woodman, et al., 2010; Suzuki, et al., 2003; Woodman, 
et al., 2011; Zhong, et al., 2014).  We suggested that the remainder of the 
axial length change is likely due to a scleral stretch mechanism, where a 
decrease in the circumference of the sclera with accommodation may result 
in an elongation of the globe.  In our third experiment we examined how the 
thickness of the anterior sclera changed in response to accommodation in 
young adult myopes and emmetropes.  We found that the sclera overlying 
the ciliary body thins significantly during accommodation, and that these 
changes were more pronounced in the myopic than emmetropic subjects. 
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Since the structural and biomechanical properties of the sclera are 
known to alter in response to myopia development, we propose that 
differences in the sclerae between our two groups may underlie this 
difference.  The sclerae of myopic eyes are thinner than non-myopic eyes 
(Avetisov, et al., 1983; Elsheikh, et al., 2010; Norman, et al., 2010; Vurgese, 
et al., 2012), and are weaker and more extensible, making them more 
susceptible to deformation under otherwise normal scleral stressors such as 
intraocular pressure (Phillips, et al., 2000; Siegwart & Norton, 1999).  These 
differences in biomechanics may therefore explain why scleral thinning was 
more pronounced in the myopes than the emmetropes in this study at both 
the 3 D and 6 D accommodation demands, with the sclera of the myopic 
eyes being more readily deformed under normal accommodative forces. 
In this experiment it was also found that different regions of the anterior 
sclera vary in their response to accommodation, with significant thinning 
seen at the region 1 mm posterior to the scleral spur in both the myopes and 
emmetropes, and the myopes also showing significant thinning at the region 
3 mm posterior to the scleral spur.  Given the close anatomical relationship 
between the sclera and the ciliary muscle in the region we imaged in this 
experiment, it is possible that the mechanical force from the ciliary muscle 
contraction during accommodation could directly or indirectly influence the 
scleral structure and lead to the scleral thickness changes we found. 
 Structural differences in the ciliary body are known to exist between 
myopic and emmetropic eyes, with the myopic ciliary body reported to be 
thicker than that in emmetropes or hyperopes, particularly in the region 3 mm 
posterior to the scleral spur (Bailey, et al., 2008; Buckhurst, et al., 2013; 
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Kuchem, et al., 2013; Lewis, et al., 2012; Muftuoglu, et al., 2009; Oliveira, et 
al., 2005; Pucker, et al., 2013).  This may help to explain why the greatest 
changes in scleral thickness with accommodation reported in this study were 
found in the myopic sclera 3 mm posterior to the scleral spur, since this 
corresponds to the region of the ciliary body that is reportedly thickest in 
myopes.  This suggests that greater scleral thinning is seen in the regions of 
sclera overlying the thickest corresponding areas of ciliary body for a 
particular refractive group. 
The scleral thinning seen in the more anterior location (1 mm posterior 
to the scleral spur) reported in both refractive groups may be due to the 
transfer of ciliary body mass anteriorly and inward during accommodation 
(Lewis, et al., 2012; Lossing, et al., 2012; Sheppard & Davies, 2010).  
Another possible mechanism by which the anterior sclera may thin during 
accommodation is through the action of highly contractile myofibroblast cells 
within the sclera in response to the stresses imposed on this region during 
accommodation from the ciliary body (Poukens, et al., 1998).  These cells 
are found within the scleral spur (Tamm, et al., 1995), and their contraction in 
response to accommodative forces could potentially underlie that the scleral 
thinning seen at the 1 mm location, posterior to the scleral spur. 
This experiment also found a weak negative correlation between the 
change in scleral thickness at the 3 mm location with accommodation and 
the change in axial length with accommodation that approached statistical 
significance.  This suggests that those eyes showing a greater scleral 
thinning at the location 3 mm from the scleral spur tended to also show a 
greater increase in axial length with accommodation.  Our data therefore 
225 
OCULAR CHANGES ASSOCIATED WITH ACCOMMODATION IN MYOPES AND EMMETROPES 
indicates a trend for the scleral thinning in the anterior region to account for a 
small portion of the increase in axial length with accommodation.  However, 
given that this trend only approached statistical significance, further research 
using a larger sample size or different measurement methodology is required 
to confirm this finding. 
 
6.1.4 Variations in the short-term ocular changes during 
accommodation with age and refractive error 
Given that a range of ocular structures (including the choroid and the 
sclera) and the ability to accommodate are known to change with age, in the 
final experiment of this study, we examined the changes in axial length, 
choroidal thickness and scleral thickness with accommodation in an older 
adult (pre-presbyopic) emmetropic population.  This experiment found that 
significant differences existed in how the eyes of myopes and emmetropes 
changed during accommodation, with these differences becoming more 
apparent as the emmetropic eye ages.  Axial length was found to 
significantly increase during accommodation in the myopes, but not in either 
the younger or older emmetropic group, and the difference in axial elongation 
between the young adult myopes and pre-presbyopic emmetropes reached 
statistical significance.  Although the change in axial length with 
accommodation has been widely documented previously in both young adult 
emmetropic and myopic eyes (Drexler, et al., 1998; Mallen, et al., 2006; 
Read, Collins, Woodman, et al., 2010; Suzuki, et al., 2003; Woodman, et al., 
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2011; Zhong, et al., 2014), to date there are no published studies which 
examine the way this elongation is affected by age.  Since the sclera is 
known to stiffen with age, and weaken with myopia development, it is 
possible that biomechanical changes in the sclera are responsible for the 
different response in axial length during accommodation reported in this 
study.  The prevalence of myopia onset peaks in adolescence and early 
adulthood through excessive axial elongation, however myopia rarely 
presents after presbyopia through mechanisms other than involutional 
lenticular changes.  Given the potential link between near work and myopia 
development, the lack of change in axial length with accommodation 
observed in the pre-presbyopic emmetropic group in this experiment may be 
one factor contributing to the apparent limited incidence of myopia 
development in this age group. 
We found that the anterior sclera thinned significantly with 
accommodation in the myopes, but in neither of the emmetropic groups.  
Regional variations in the scleral response were also seen between the three 
groups, with both the young adult myopes and emmetropes thinning at the  
1 mm location, and the young adult myopes also thinning at the 3 mm 
location.  In contrast, no significant changes in scleral thickness with the 3 D 
accommodation demand was observed in the pre-presbyopic emmetropes at 
any of the considered locations.  These differences in the anterior scleral 
response are likely due to the differences in biomechanical and biochemical 
properties of the human sclera with age (Coudrillier, et al., 2012; Girard, et 
al., 2009; Rada, Achen, et al., 2000) and refractive error (Curtin, 1969; 
Phillips, et al., 2000; Phillips & McBrien, 1995).  The weaker and more 
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extensible myopic sclera showed the greatest amount of thinning at all 
locations during accommodation, whereas the stiffer sclera of the pre-
presbyopic emmetropes showing no significant change during 
accommodation. 
Ageing changes have also previously been documented in the structure 
and function of the human ciliary body.  The ageing ciliary muscle gradually 
becomes thicker and adopts a more anterior-inward position (Pardue & 
Sivak, 2000; Sheppard & Davies, 2011; Strenk, et al., 2006, 2010; Tamm, et 
al., 1992), however the contractile ability of the ciliary muscle has been found 
to remain relatively constant irrespective of age, even as amplitude of 
accommodation decreases (Richdale, et al., 2013).  Given the fact that the 
thickness of the sclera of the pre-presbyopic emmetropes did not change 
significantly with accommodation, it is possible that the loss of anterior ciliary 
body movement with age reduces the deformation forces imposed on the 
adjacent sclera, when compared to younger eyes. 
A significant negative correlation was found between the change in 
scleral thickness at the 1 mm location and the change in axial length with 
accommodation, indicating that the eyes that showed the greatest anterior 
scleral thinning during accommodation also gave the greatest increase in 
axial length with accommodation.  This indicates that the changes in scleral 
structure during accommodation appears to contribute to the changes in 
axial length, although this association is weak, and therefore variations in 
additional ocular components are also likely to play a role. 
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We did not however find any significant change in subfoveal or 
parafoveal choroidal thickness in this experiment with a 3 D accommodation 
stimulus, and there was no relationship between the changes in axial length 
and changes in subfoveal choroidal thickness, unlike in Experiment 1 and 2 
(that both utilised higher accommodation demands than 3 D in their 
experimental protocols).  Both the foveal and parafoveal retinal thickness 
were found to thin significantly with accommodation, however the magnitude 
of these changes were very small, and below the resolution of the Spectralis 
OCT instrument, so the significance of this finding is questionable. 
A limitation to the final experiment may be that the accommodation 
demand used was not great enough to elicit significant changes in axial 
length and choroidal thickness between refractive groups, since the data 
presented in Chapter 3 (Experiment 2) shows highly significant changes in 
both parameters with levels of accommodation demand that are higher than 
those used in this experiment.  The accommodation demand was restricted 
however by the decreased accommodative amplitude of the pre-presbyopic 
subjects.  Secondly, a lack of difference seen in the choroidal response with 
age may also relate to the relatively limited range of ages examined in our 
study.  Thirdly, the majority of the myopic group used in this study were 
considered stable in terms of their myopic progression.  It is possible that the 
differences between young adult emmetropic and myopic eyes may have 
been greater if a group of myopes whose refractive error was actively 
progressing were measured. 
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6.2 Potential mechanisms underlying the observed 
accommodative changes 
The experiments reported in this thesis demonstrate that a variety of 
ocular changes accompany accommodation, and these are summarised in 
Figure 6.1.  We report for the first time that significant choroidal thinning 
accompanies accommodation that is of a smaller magnitude, and in the 
opposite direction to the axial length changes observed during 
accommodation.  Of the mechanisms we have proposed for the choroidal 
thinning, a contraction of the nonvascular smooth muscle cells of the choroid 
appears most likely, given their known distribution within the human eye 
overlying the regions in which we reported the greatest change.  We suspect 
the nonvascular smooth muscle cells contract in response to accommodation 
in an effort to counteract the forward movement of the continuous ciliary 
body-choroid elastic network during accommodation. 
A significant thinning of the anterior temporal sclera was also found, 
that showed a weak correlation with the axial elongation that occurs during 
accommodation that bordered on significance.  Although the anterior sclera 
showed a trend to account for some of the observed axial elongation, we 
suspect that a larger contribution to axial length change may come from a 
deformation of the shape of the globe within the equatorial region from 
accommodation-related centripetal forces, forcing the globe to elongate in 
the anterior-posterior direction to maintain a constant volume.  These 
changes in overall scleral shape may not be completely reflected in the 
thickness measures derived in Experiment 3.  Our results therefore suggest 
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that the mechanism underlying the axial elongation that accompanies 
accommodation is multifactorial in nature, involving significant contributions 
from both choroidal and scleral changes. 
 
Figure 6.1. Structural differences between the unaccommodated and 
accommodated eye observed in this research.  During accommodation the lens 
thickens and the anterior chamber shallows, the globe elongates, the parafoveal 
and subfoveal choroid thin, and the anterior sclera thins.  It is also likely that the 
equatorial sclera moves inwards with the force of contraction of the ciliary muscle, 
decreasing the circumference of the globe at this point, and forcing it to elongate to 
maintain a constant ocular volume, explaining the majority of the axial elongation 
seen during accommodation. 
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6.3 Potential implications for refractive error development 
A range of ocular structural changes are known to accompany myopia 
development (Figure 6.2), however an increased axial length is the principal 
structural correlate of the myopic eye (Bullimore, et al., 1992; Goss, et al., 
1997; Grosvenor & Scott, 1991), accounting for the majority of variance in 
refractive errors (Olsen, et al., 2007).  It is for this reason that multiple groups 
have examined the way in which axial length changes during 
accommodation in an attempt to link a short-term elongation with a more 
permanent change (Drexler, et al., 1998; Mallen, et al., 2006; Read, Collins, 
Woodman, et al., 2010; Suzuki, et al., 2003; Woodman, et al., 2011; Zhong, 
et al., 2014).  Our findings of short-term increases in axial length during 
accommodation support the theory that the cumulative effects of repeated 
near work tasks of long duration could result in longer-term axial elongation.  
Our findings that myopic eyes take longer to recover from these short-term 
changes also indicates that, at least in eyes who have already developed 
myopia, there is a tendency for myopic eyes to demonstrate a delay in 
returning to their baseline ocular dimensions following a period of prolonged 
near work. 
In addition to the myopic globe being longer, the sclera is also 
reportedly weaker (Phillips, et al., 2000; Siegwart & Norton, 1999) and 
thinner (Avetisov, et al., 1983; Elsheikh, et al., 2010; Norman, et al., 2010; 
Vurgese, et al., 2012) following myopia development.  Our findings of scleral 
thinning within the anterior region during accommodation may indicate that 
large amounts of near work could result in permanent changes to the 
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thickness of the sclera, although in this thesis only the anterior sclera is 
examined.  Deeper penetrating imaging techniques which still retain high 
resolution would be necessary to determine whether similar short-term 
fluctuations occur in other scleral regions within the globe during 
accommodation. 
A thinning of the choroid is a consistent finding associated with the 
development of myopia, suggesting that this ocular change represents one of 
the early ocular signals related to the increased ocular growth rate in myopia 
(Fujiwara, et al., 2009; Ho, et al., 2013; Read, et al., 2013).  Our finding of 
short-term choroidal thinning associated with accommodation may therefore 
have implications for human myopia and the role of near work in the 
development of myopia.  In eyes that perform larger amounts of near work 
the choroid will be thinned more frequently and for a greater period of time, 
which may predispose the eye to longer term eye growth changes.   
A thinner choroid may allow the diffusion of growth factors from the retina 
more readily, which signal changes to trigger scleral remodelling and 
subsequent longer term eye growth.  Given that the subjects we used were 
young adults and the majority of myopes included were stable in their 
refractive error, future studies investigating these choroidal changes in 
younger, progressing myopes may provide greater insight into the role the 
choroid plays in myopia development and progression. 
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Figure 6.2. Diagram illustrating the structural differences between the myopic 
and emmetropic eye.  The myopic eye is reported to have a thinner anterior ciliary 
body (CB) and thicker posterior ciliary body than the emmetropic eye, as well as a 
thinner choroid, thinner sclera, and longer axial length (AL). 
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6.4 Future directions 
The experiments described in this thesis all involved young and/or older 
adult participants.  Since myopia typically develops in childhood, future 
research examining these changes in younger eyes may provide further 
insights into the potential importance of the observed changes in myopia 
development and progression.  Longitudinal studies of these changes in 
children and adolescents would be particularly useful, as our experiments 
were all cross-sectional making it difficult to draw conclusions on whether the 
increases in axial length, and thinning of the choroid and sclera are a cause 
or consequence of myopia development.  Since our experiments were 
performed on young adult subjects, this means only a small portion of our 
myopes were considered to be progressing in their refractive error, and those 
who were progressing were doing so at a rate much slower than those of 
younger eyes.  In addition to examining the changes in ocular characteristics 
in younger subjects, the inclusion of a population of progressing myopes 
would be helpful, to ensure that those eyes most vulnerable to environmental 
influences are being examined. 
Further insights into the choroidal thickness changes with 
accommodation would be gained from future research examining the 
choroidal changes across a wider region of the posterior eye.  Since the 
concentration NVSM cells of the choroid are thought to decrease posteriorly 
to anteriorly, we would expect that outside of the macula region the regional 
changes we report in choroidal thinning will become less marked if these 
cells are in fact responsible for the choroidal thickness change.  It will also be 
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of interest to examine the way the choroid within the posterior pole recovers 
from accommodation using high resolution imaging techniques, similar to the 
way we examined the changes in axial length in the post-task period in our 
first experiment.  Since we report that the choroid contributes to 
approximately a third of the axial length change seen during accommodation, 
the choroid may also display different decay responses between refractive 
groups (and potentially between different regions of the choroid). 
Although we have proposed both choroidal and scleral thinning may 
account for some of the change in axial length, it is likely that overall scleral 
stretching due to a deformation of the equatorial sclera during 
accommodation may account for additional amounts of axial elongation.  
Although we were unable to measure this phenomenon with our current 
instrumentation and protocol, future advances in imaging technology will 
hopefully allow us to gain greater insight into the contribution this mechanism 
makes to axial length change.  In the meantime, imaging multiple quadrants, 
not just the temporal quadrant during accommodation, or investigating 
changes in the angle made at the corneo-scleral limbal junction, may provide 
further clues about the role of scleral stretch in axial elongation. 
Given that numerous studies have reported that short-term changes in 
IOP can result in small magnitude changes in axial length (Hata, et al., 2012; 
Leydolt, et al., 2008; Read & Collins, 2011; Read, Collins, Annis-Brown, et 
al., 2011), simultaneous monitoring of IOP and axial length with 
accommodation would provide a more comprehensive assessment of the 
source of these short-term biometric changes within the eye during 
accommodation.  However, logistical limitations of the instrumentation used, 
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meant that simultaneous measures of IOP was not possible during the ocular 
measurements collected in this research.  The majority of previous studies 
that have examined the effect of accommodation on IOP have reported a 
decrease in IOP with accommodation (Armaly & Rubin, 1961; Blake, et al., 
1995; Mauger, et al., 1984; Read, Collins, Becker, et al., 2010) which would 
theoretically lead to a decrease in axial length.  If this is indeed the case, it is 
possible that the increases in axial length with accommodation would be 
more marked than reported in these studies, but were offset by a 
corresponding decrease in IOP.  Future developments in ocular imaging and 
measurement technology may allow this issue to be explored more fully. 
Finally, we were unable to rule out optical factors as a cause of the 
change in choroidal thickness, because ocular aberrations were not 
monitored in any of our studies, and our estimates of accommodative 
accuracy were only crudely obtained through the fine focus dial of the 
Spectralis OCT instrument.  Future studies should consider these influences, 
and attempt to monitor these in conjunction with other accommodation 
associated changes. 
Despite evidence of a link between near work and myopia 
development, the underlying mechanisms that explain how near work 
influences eye growth remain unclear.  With this research we provide 
evidence of a number of short-term structural changes that occur in the eye 
during accommodation, and highlight how a number of these changes differ 
between myopic and non-myopic eyes.  The findings from this thesis open 
up a range of future potential research directions, which may help to further 
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improve our understanding of the mechanisms that influence environmental 
myopic refractive error development and progression. 
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